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ABSTRACT

Failure of micrcelectronic circuttes soused by electrical over-
stress has been investigated theoreiically and experimentally. Computer
calculations on heat flow in silicon struc ures have pointed out the
necessity of using temperature dependent thermal constants for silicon.

The effect of surface layers and power distributior on the peak temperature
in silicon devices under transient conditions has been investigated.

Intezratea circuits representing suveral fabrication technologies
from several diflerent manufacturers were pulsed to failure over pulse
lengths from 100 nsec to 10 msec. The threshold power per unit area to
produce permanent damage was found to vary by a factor of 20 among the
parts tested. Peak temperatures to initiate current constriction were

estimated to be 1000-1200°C,
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EVALUATION

The objective of this effort was to provide s physical vasis for
assessing the reliability of microelectronic devices when subjected
to electriczal overstress. The contractor performed & combined
analytical tnd experimental program to define the significant parametels
associated witn overstress failure of microelectroni¢ structures. While
conisiderable overstress testing has been done on micrcelectronic
stractures, this effort adds substantial understanding *to the detailed
mechanisms of failure. This was done by the use of well controlled
experimental procedures and the therough analysis of failed devices
and assccisted electrical waveforms. Dr. H., Domingos was able to
~elate his results on esniter base flashover shorts in integrated
c¢’'rcuits to recent work on diode second oreskdown in thin silicon
fil.~ onsapphire., This provides a good physical understanding
of the curface flashover type of breakdown in microelectronic
structares. In addition, he demonstrated that differences in ability
to withstand overstiress in the circuits teshed were related to the
distance from the P-I juaction to the contact on the high resistivity
side of the junction =nd the existence of multiple conduction paths
in the microelectronic device,

The information obtained from this effort will be used in the
interpretation of failures due to overstress in microelectronic
systems. Additional in-house effort in the electrical overstress
arena is teing considered using Lest structures consistent with LSI
processing and LSI circuits.

OHN F. CARROLL ’”“
Reliability Physics Section

Reliability Branch
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SECTION I

INTRORUCTION

It is & well knoun fact that voltage, current, and power ratings of
semiconductor devices rust be serupulously observed in aay application. Un-
1ik§ vacutz tubes, where operation sbove rated values merely reduces the
oge}ating lifetime, oversiress of semiconductor devices often leads toc catas-
trophic Zailure. Because electronic circuits must function in environments
where voltage and current surges due to power supply transierts, line dis-
turbances, electromagnetic pulses, etc., may be present, a clear understand-
ing of failure due to such conditions is needed. Apart from the uneasiness
which lack of understanding generates, it can also result in systems which
ave either unreliable or needlessly overdesigned. Better understanding
leads to btetter component design as well as more efficient engineering and
wore relieble equipment.

The type of failure investigated in thié‘study is degradatior. due
to extreme temperature rises resulting from excessive power dissipatioa as
distinet from degradation due to such mechanisms as aluminum migration,
purple plague, chemicel and metallurgical reactions, ete. Indeed, in any
device, gsemiconductor or otherwise, excessive power dissipation is of conse-
quence only because it raises tne temperature: as long as the device can be
kept cool the power dissipation is a secondary consideration. In semicon-
ductor devices the temperature ris» eventually leads to melting of the sili-
con or other materials comprising the circuit,

The earliest efforts to systematically study device failure wvere
undertaken in the late fifties. The recognition of the phenorenon known as

second breakdown caused a flwrry of activity in the mid-sixties. This has




. entered the scene.

not yet gbated as the development of high pulse power microwave diodes has

Work done at other laboratories with silicon-on-sapphire Giodes

while this program was in progress has led to a much clearer understanding of

second breakdown in semiconductor devices, particularly single junctions.

The rasults of the present study tend to agree with these findings and thus

it can be said that a good picture of second breakdown in diodes is now
available.

This report is the final report on a program of theoretical and
experimental investigations on breakdewn in m .c¢ selectronic circuits. TFirst
a stud& of heat flow in silicon is presented  If the spatial distribution of
the dissipated power is krown, & knowledge of the thermal properties of the
materials enables the temperature distribution to be caleculated. Unfor-
tunately the power dissipation depends on the characteristics of the source
as well as the electrical characteristics of the circuit, which in turn
depends on the temperature. This leads to a complex situation. Finite-
differerce colutions have been obtained for temperature distributions in
idealizeq one~dimensional situations teking into account the variation of
thermal parameters with temperature.

A section on review of second breakdown theories is followed hy a
presentation of the experimental results., Several types of microelectronic
circuits were pulsed into second breakdown to determine threshold energies
for damage as a function of pulse width and to determine the nature of the
damage., The results are discussed in terms of current models of second

bresxdown and the heat flow calculations.
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- ' SECTION II

HEAT TRANSFER IK INTEGRATED CIRCUITS

_A: General Heat Flow .

When power is applied to a silicon monolithic integrated circuit,

most of the energy is dissipated in the circuit elemeats within the chip.

The heat can be carried away by conduction, convec;ion, and radiation to

other parts of the chip and ultimately to the package and to the ambient.
Nearly all of the heat flow is through the gilicon to the header and hence

to the rest of the package. Hea' can also flow along metallization runs to
the leads and then to the package; through the oxide :and the ambient gas in
the package; or he radiated to cooler parts of the structure. Heat transfer
by all three processes, vadiation, convection, and conduction was investiga-
ted; only transfer by ccnduction was found to be significant in typical micro-
circuits.,

Convective heat transfer is sometimes interpreted to also include
conduction by the convecting medium; however, it differs from pure conduction
in that the transmission of energy is augmented by movement of the fluid
itself., Tree convection comes asbout as a result of the chenge in buoysancy
of the fluid as a result of uneven heating. If the fluid is confihed to &
very small space the buoyant forces are not sufficient to overcome viscosity,
and fluid motion, hence convection, does not occur. This is the case for
air inside an integreted c.rcuit package.

Radiation is electromurnetic in nature and radiative exchanges are
governed by the laws of electromagnet..: theory or optics. Suppose we con-
gider radiation from the hot surface of a chip “n the gold-plated 1lid of the

package. ‘freating the two surfaces as specularly reflecting plates at 1000%




o .
and 290 K, respectively, a reasonable value for the hegt transfer coefficient

is 0.2 wasts/cné.!

For a chip 100 mils on a side radiation would account for
12,9 mw. Tais is a liberal estimate since not all of the chip surface would
be at lOOOoK, and the thermal oxide or deposited glass is a good insulator.
Even so, this power level is about three orders of magnitude less than power
levels of concern in pulse testing.

Radiation frou the surface down through the silicon to the header
is of even less importsnce. 1In the first place silicon has a fuadasmental
sbsorption edge at 1.12 um., Radiation at shorter wavelengths would be sharp-
ly sttenuated by the excitetion of electrons to the conducticn band. The
dominant wavelength of a black body radiator at 1000°K is 2.9 uym. Racdiation

at this wavelength will be attenuated by joule heating of the lossy silicon.

For 1 ohm~cm material the penetration depth is only 5 um.

B. Heat Flow by Conduction

The differential equation which describes the conduction of hest in
a solid is basically a continuity equation for the conservation of heat energy

and cen be written in its most genersl form as

T Kk 9Ty2 2 312
pe &= q + k921 + S TED HEN +(E)) (1)

vwhere p is the density in grams/cm3, ¢ is the specific heat in joules/
gram-°C, T is the temperature in °C, t is in seconds, q is the power density
in watts/cm3, k is the thermal conductivity in watts/em-°C, and x, y, and z
are space coordinates in em. g can be a function of time and space and k
can be a functicn of temperature.

As written, Equation (1) is non-linear and can be solved only in

certoain special cases., If k is not a function of temperature, the equation
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becomes a linear partial differential equation for which many solutions are
tabulated.?
Solutions to the heat flow equation must satisiy the initial con-

dition that at t = 0
T = £f(x,y,2)

and cne or more boundary conditions

i) temperature at one or more surfaces is constreined
Tours = B(%s¥2,t)
ii) a surface 1s insulated so that no heat flows across it

n
2{&.:0

an
iii) miscelleneous boundary conditions

3T
k-é-;l-+ H(T—'I‘o) -F=0,

The first term is heat flow across the surface by

conduction, the second term is the "radiation"

boundary condition and represents a heat loss pro-~

portional to the difference betwezn the surface at

temperature T and another surface at To’ and the

last term is the heat flux into the surface from

an external source.

A number of simple solutions i1o heat flcv gwoblems will now be

applied directly to special situations occuring in microcircuits. The follow-
ing constants for silicon will be used in ihic calculations tnat follow:

2.328  gn/em3

p:

e = 0.7 J/gm=-°C
k = 1.k8 W/ em=-°C
D = 0.9 em?/sec

© o e = e o U SR GO
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1. Adiabatic heat problem -

Consider a small volume jinitially at u uniform temperature mo to

which a uniform power densicy Po watts/cm3 is supplied throughout, with insu-

lated boundaries. The differential equation becomes
P

3T _ "o
9t ~ pc (2)
with the solution
Pt
T -7 =-=2~=0,61tPt ©C (3)
o pe o

vhere t is in seconds and Pb is in watts/ecm3. This solution is applicable to
thermal problems during a time interval short enough that flow by diffusion
is negligible, as, for instunce, estimating the temperature rise in a junc-
tion during the first few nanoseconds after power is applied. The equation
gives an upper limit to ine temperature rise and a reasonable accurate

answer as iong as VDt is less than the dimensions of the region.

2. <Constant power into the surfece of & semi-infinite medium

This is a one-dimensional problem where the silicon extends from

x = 0 to infinity, with a power density Fb in vatts/cm? at the surface.

e
u——’
ovrmaremare iy
0 i
-——i-»!
The differential equation is
T _k_¢21 9% (%)
3t o 3x? ax?

The solution is
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This solution is applicable to the case of uniform power dissipation in a
comparatively thia layer at the surface of a chip. The solution is valid as
long as lateral heat flow and diffusion to the header can be neglectel,
Equation (5) is plotted in normalized form in Figure 1 and again in Figure 2
as a function of time for x = 0. TFor a total power of 25 watts into &n ares
10 mils x 10 mils, F_ = %0 x 103 watts/cm? and the maximum abscisse in
Figure 1 is a temperatur:s rise of 480°C.

3. Constant power into the surface of a semiconductor of finite thickness,
with an idesl heat sink

—

B .
fo
s

This cas2 applies when the finite thickness of the diemust be con-
sidered. It is assumed that edge effects are still negligible, and that the
header is atle to maintain the x = L plane et constant temperature To. The

solution is

o (1 _ D{on+1)4nt
T-TO ) Fo(u~x) i SFOL © (_l)n 4.2 (2n+1)7(L-x) )

k kn? n=0 (2n+l)? 2L

42}
e
=

This is plotted in Figure 3, Figure U shows the temperaturs rise as a

function of time at x = 0. For 25 watts into an area 10 mils x 10 mils

C e e v e, Yot St < AT el o 1 M A s =
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and with L = 10 mils, multiply the ordinate by 1000. t/iF = G.1 then carre-
sponds to 62.5 usec. Tke steady stete texperature rise in tzis caze is
690°C, which can be verified by calcuisting the thermal resistaznce. For tke
generel case, the presence of the heat sink Is Irportent only for t£f12>0.2,
ané steady-state is reached for t/L2>10.

4., Semi-infinite region, with power density ? wattsfez> irto a firmits
thickness at the surface

= o 4
The solution is
P t 32 I~x I4x
T-T = == (1-2 i2erfc - 2 iZerfe ¥or 0<x<L. (1)
o oc 2/Dt 2/t
2P t
o] . X=L x+L
= {i2erfc - iZ2erfe } for x>%
pe 2/bt 2/t
2 2 g ye” u?
where i2erfc u = % {(1+2p?)erfc y - —= }

,...

This solution is useful when edge effects and finite length effects can be
neglected, but when the heat-dissipating source at the surface must be con-
sidered in more detail. The thickness of epitexiel layers and depths of
diffusion for example are nften important parameters. This model is also the
basis of numerical calculations presented later :n this sectionm.

Equation (7) is plctted in Figures 5 and 6. For comparison, we can

again tske 25 watts into an arca 10 mils x i0 mils with L = 10 um, In th:s

12
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case the ordinate in the two figures xli0 gives the temperature rise, and the
parameter in Figure 5 is read directly in usec.

These figures agree with the more general results of Mosekilde,
et.al.,> who have solved the same problem but for a semiconductor of finlte
thickness with an ideal heat sink.

5. Power into a rectangular area on the surface of a semi~infirite solid.

p
|
{
a

This represents the case of power dissipation by an active element
in a thin layer at the surface of a chip. The assumptions again are that the
edges cof the die are far removed from the active element and that the die~
header interface is far enough away during times of interest.

The sclution takes into account the flow of heat laterally es well
a3 vertically down into the silicon. The mathematics becomes complicated,;
but a simple expression can be found for the maximwa temperature rise, Tm’
which occurs at the surface at the center of the active element. This ex~

pression is
T o1 ==t (o sinh !l 2 a g st & (8)

m o nkak

For the case a = 4
0o o 3 P(watts)
T To 3.87 x 10 ﬁm-—' (9)

Steady stete temperature distributions in a finite chip with the

15




heat source at the center of the top surface end en ideel heat sink at o
bottam surfece heve been calculsted by Lindsted and Murty,® ﬁonzalize&
curves have been plotted for tne mexirur terperature rise for s range of
geometries.

6. Power into a circuler area on the surfuce of a semi-infipitzs solid.

p P

| ( .

This is similar to case 5; however, for this geometry it is rele-

LN

tively simple to determine T{z,t) along the axis of symmetry r = 0. This not
only gives the maximum temperature rise, wut allows one to examine the
temperature distribution as a function of time and make a judgement gs tc
when die thickness and edge effects are no longer negligible.

The solution is

(224 2)*
yory 2¢+r
pp = 2BEE (yorte = - ferfe S} (10)
o nkr02 2/Dt 2/bt
where ierfc p = 2+ e u - p erfz u
Ve .
This equation has saveral assymptotic approximations. When z =0, T = TIr and
S
T -7 % 9;232&5;?0 for e 0.b (11)
m o r 2 r
o 0

n this equaticn and those which follow t is in seconds, P is In watts, and

spatial dimensions are in centimeters. This is the seme eas the solution for

16
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case 2 if x eppreaches zero in Bguetisn (5). This means 2ket in a2 silfcon
chip where D =.0.9 c=2/sec the laters: heit flov svsy from the edis of the
circular regioz has mo effect oz B, if £<0.2¢ 2, ) - ;

In ihe stesdy stete ' A - -

-

: T =022 2 (12) -
- : mo T xr ?
- - o -
veisd for JFE/E 55.0. -
For lezge z ané ¢ ' v -
= ﬁi b -~
T X 0.11=> for —= > 50, - {3
=ron p el 50 {23}
o.
_ end 3/ > 5.0
v z

2 =0 inFigire 8. If 2 =1 wstt end r_ =1 mil, the ordisete in Figwe T
ruitiplied by 0O gives the terpersture rise in °C. The curve witk pere—eter
1 is the temperature distxibution et t = 6.25 psec while the curve izhelieé
50 corresponds to 16 msec, 2t which time the distritr.tion is essertiaslly
teady-state. In the steady-state T, is 88°C above srbient.

teddy-state Solutions for e finite ship of eylindricel geometyrw
ere giver by Kennedy.S Complete solutions for z chip of very large erea dut
finite thickness mounted on & perfect heat sink are giver in reference 6. If
r°>3L, where L is the chip t‘nickness.., the solution is zpproximetely thet

-

given by Eguetion (6), whiie if 1~ 3z, the solution is approximately Eq {zC}.
The solutions presen’ed above are useful for estimating maxizux

temperetures and size effec’.s when the tempereture rise is not excessive.

Unfortunately, the thermal properties of silicon, espec.ally the conductivity,

are functions of temrerature. This raises serious guestions about the

i s i R o
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validity of using soclutions to the iineur heat gquation. In the next sub-

section the variatior of thermal condéuctivity with temperature will be dis-
cussed, and some cf the 3Jifficulities asscciated with the use of an average

value will be pointed out.

C. Thermal Conductivity of Silicon

The physics cf the thermai conductivity cof solids is well under
stood”»3 and good gualitative and even quantitetive agreement between theory
and reasurements is obtaint Jor meny meterials. Any lack of quantitative
agreement is due toc mathematical ccmplexities and not to any lack of under-
standing of tne principles.

Thermal conduction in solids occurs by means of phonons, electrons,
holes, electron-hole pairs, and photons. Lattice or pkonon conduction is the
only important mechanism in silicon at temperatures less than room tempera-
ture. The others become increasingly important at higher temperatures.

Finite rhonon thermal conductivity is attained through the action
of scettering mechanisms which keep the phonon distribution in thermal equi-
1ibrium with the lattice temperature. These mechanisms are: diffuse scat-
tering from crystal boundaries, phonon-phonon scattering, isotope scattering,
electrcon scattering, and scattering from crystal defects and imperfections.
Scattering astablishes a mean free path for phonon propagation which can be
related t¢ the thermal conductivity.

For an ideal Maxwell-Boltzmann gas the thermal conductivity is
given by

k = %cvl {13)

where ¢ is the specific heat at constant volume, v is the average velocity,

and ¢ is the mean free path. How do the scattering mechanisms affect 2 and
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and hence k? At very low temperatures the number of phciuons available to

scatter other phonons is small. The electron (hole) pspuistion is smell

since theres is little thermel generation and even impurity carriers may be

frozen out. Isotope effects arc of 1little importance because the phonons are

of long wavelength. This leaves only boundaries and defects as effective {

scattering agents. In this case % is fixed, and, since ¢ = T3 at low temp- é

eratures, k «= T and k approaches zero as T approaches zero. §
As the temperature is increased, isotopes can be assumed to have i

incereasing importance.* If we restrict ourselves to pure material for the

moment, electron effects can still be neglected. Scattering by other phonons

depends on the number of other phonons available, which depends on ee/QT,

where 9 is the Devye temperature. At very high temperstures the phonon

population varies as T. c¢ is nearly constant at high temperatures, hence k

varies as 1/T.

These interactions will cause the phonon portion of the thermal
conductivity to vary as shown telow.

ISOTOPE PHONON

BOUNDARY

k
{PHONON)

T

Above rocm temperature other carriers besides phonons contribute

to heat transport. Thoton conduction is observed in pure, large bandgap

semiconductors st high temperatures, for example GaAs above 8B00°K. 1t

* Natural silicon consists of about $2% atomic weight 28, 5% 29, and 3% 30,
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actually should be treated as conduction by radiation, and previously this
vas shown to be small in nilicon. Glassbremner and Slack’ were unable to
detect a photon contribution up tc 1580°K, within 100 degrees of the melting
point.

Heat conduction by electrons (holes) occurs by the same proceas as
heat conduction by electrons in metals. Contrary to metals, however, where
nearly all of the heat is carried by the numerous free electrons, only about
6% of the thermal conductivity of silicon at the melting point is due to
free carriers.

Electron-hole pair conduction is significant at high temperatures
because of thermal generation of large densities of electron-hole pairs.
These carriers diffuse (ambipolar diffusion) from regions of high temperature
and concentration to regions of lower concentration. Whep recombination
tekes place energy roughly equal to the band gap energy is released. Glass~
brenner and Slack have found ambipolar diffusion to comprise 32% of the
thermal conductivity at the melting poinc.

The thermal conductivity of pure silicon is plotted in Figure 9.
The values are talen from Glassbrenner and Slack. The variation is as ex-
pected, and indeed Glassbrenner and Slack claim good agreement with theoreti-
cal calculations. The T3 behavior at Low temperatures is suppressed by the
scale on the abscissa, chosen to better display the conductiviy at higher
temperatures.

The et'fects of doping with boren or phosphorus have been measured
by Slack.l® He reports that the room temperature conductivity is reduced
from 1.56 to 1.2 wetts/cm-°K for phosphorus doping of 2 x 1019/c¢m3. Below

room temperature the relative change ls even greater. At the heaviest
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doping,boron at 3 x 1020, % at room temperature is reduced to about 0.47
wattsigm~°K. He also reports on earlier work by other workers of boron dop-
ing at & x 1016/em3. 1In this case, k was reduced only at temperatures less
than 80°K.

The extreme variation of k in Figure 9 causes justified reluctance
in applying solutions to the linear heat flow equation even if an average
value is assumed. It has been common practice to use about 0.9 watts/em-°K.
It is worthwhile to examine carexully a typical case to see the difficulties
which can be encountered.

In one such case an estimate of the maximum temperature rise under
certain conditions was needed. The power input was 2.8 watts into a thin
layer at the surface with area 20 um X 40 ym. The model in example 5
applles. Using Equation (8) the first estimate of the steady-state tempera-
ture rise is 343°C. 1If we take T, = 300°K and use an average value of k,
that is

k = %(k(300)+k(‘1'm)) (1)

trial and error yields Tm = 500°C, If instead we use k at the average

temperature,

k = k[ls(soo«»Tm)] (15)

then Tm = 1050°C. A graphical solution is shown in Figure 10. Equation (14)
is plotted as the upper dashcd line. It is the average of k(300) = 1.56 and
k(Tm) which is simply Glassbrenner and Slack's data of Figure 9 replotted.
The vertical lines with arrowheads indicate ‘he two curves which are aver-
sged. The intersection of the dotted line with the solid curve k = h98/Tm,

which is & plot of Equation (8), gives the solution T, ho7°C.




K (watt/°K-cm)

) i

i

0
300

Fig. 10.

500 700 200

Jele 1300

Te (°K)

A graphical solution for the temperature rise in an inte-
grated circuit with two difrerent approximations for the

thermal conductivity.
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Equition (15) states that k should be found st 2 temnerstime which fs tte
sverage of 300°K and Z.. This average is the lover:dstted line in Figme 10.
The intersection with k-= .k(Tn) gives tuis solution.es 3c57°C. ‘

The dicperity between the two sclgxticn.; is e sericus im;edim:‘; to
the use of solt;bions to the:iinearizeﬂ; egueticn ir genersl cases. Numericsl

solutions must be resorted to even though these ere more difﬁcul-, susject

" to inaccuracies, and not amenable to the usuel norm..i.atioa. ke pext

section is devoted to a discussion of numericel metkods an? tke presentstion

of some results of a computér prograc for solving heat flow protlens.

D. Rumerieal Solutions to Heat Flow Prcblems - T

-A simple approach to txhz so.mtzon of the heet equaion s to. guza-

tize the epece and time variables end write a heet balance equation tc*‘ eec:z

‘ small volume. Knowing the net hent flov into an increzental voluze enzb.es

one to calculate the temperaturg rise duriryz, the next incrementesl time ip-
terval. If the ’spa.ce and time incriments are s»all enough en sccurate sslu-
tion to the differertial equation cza be obtained. The therrel properties
of the meterial can be adjusted ac the temperature changes, and if the
temperature does not change greatly during one time step good approximaticns
to the physical vroblem can be ott2ined.
It is sometimes helpful to visualize heat flov by its snalogy with

an electrical circuit. The analagous quantities are:

thermal resistance - eleseirical resistance

thermal heat capacity - electricel capacitance

heat flow - current flov

temperature -  voltage

For simplicity e one-dimensional example will be illustrated, with
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the space variable x divided into equal regions. We will speak of a node as
the point at the center of each region. The node temperature is measured in
degrees Kelviu or Celsius. The temperature difference between adjacent nodes
will result in & flow of heat energy, determined by the thermal resistance
between the nodes. The nass and specific heat of each region determine how
much the temperature will change as a result of net heat flow during the next
time interval.

The electrical analog to the thermal model is shown in Figure 11,
The node temperatures are analagous to the node voltages in the electrical
eircuit. The circuit capacitors are connected between the nodes and ground.
The reason for this is that ground potential represents the ambient tempera=-
ture. In the same way that we are really interested only in the temperature
rise above ambient, or the temperature difference between nodes, so only the
node voltages with respect to some arbitrary reference or the difference in
potential between nodes ig of importance. Note that the capacitors are not
connected between nodes. Power dissipation in a region caused by i%R heat~
ing, heatirgof a depletion layer, etec., is represented by a current source
directed into the node.

Writing an expression for the heat flow into the nth node in the

thermal model we obtain

kAT, _,-T ) ) AT -T o)

Ax ax

+ qAdx = 0

where q is the heat density in watts/cm3 being supplied to the nth node.
Divide this equation by the specific heat mass of the nth region and in a

time At the temperature rise will be

27
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At

AT = S Alx

% (T =2T +T +l)+qAij! (16)

Since the initial conditions for tlie problem are known, Equation
(16) can be iwmediately solved for each node. This gives the new temperature
distribution at At. This technique is known as the "explicit" formulation of
the finite difference equation for heat flow, or the Bender-Schmidt method.
Equation (16) is derived in a more formal way in texts on finite difference
equations.

For protlems where the heat source is at one end of the structure,
cay at node 1, convergence is faster if the temperature rise of the nth node
is calculated in terms of the new temperature of node n-l. As an example or
this approach consider a diode with a cross section area of 10" em? 2issi-
pating 50 watts in a 2 um layer at the surface. The problem was solved in
one dimension only, with the variation in thermal conductivity approximated
by a simple analytic expression. The temperature distribution as a function
of time is shown in Figure 12. For comparison the dotted curve shows the
temperature distribution with k constant and equal to the rcom temperature
value. The difference is appreciable and once again emphasizes the need for
realistic solutions when large temperature rises are encountered.

This method has been used to investigate the temperature rise in
aluninum metallization runs on integrated circuits with good results, 11,12
The technique is simple, yet very flexible. Not only can the conductivity
and specific heat be functions of temperature, but the power sources can be
functions of temperature and time., There is considerable freedom in choos-
ing node sizes and different materials can be accommodated. The algorithm is

fast. It does suffer from cne drawvback; however, the solution is unstavle
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Temperature distribution in & silicon diode, solved by an
e¢xplicit, finite difference method, The dotted line is

the solution at 1 usec, assuming & constant value for the
thermel conductivity.
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if the time increment is too large. Once the node sizes have been selected

At must satisfy the condition

At & Mﬁ (17)

= 2k
If thermal oxide or metallization runs are to be included {u the problem Ax
is of the order of tenths of microns. Then At uust be smaller than tenths of
nanoseconds. If the final solution is needed for times of the order of
milliseconds not only are enormous computing times required, but the solution
becomes suspect due to numerical inaccuracies.

Thus in certain situations the stability condition proves to be
such a limitation that other, less intuitive, but more powerful methods are
desirable. Before discussing one such method we will digress for a moment to
discucs general techniques for numerical solutions to the heat equation.

The finite difference method is the oldest and most widely used
approach to the soluticn of heat conduction problems. Monte Carlo methods
are occassionally used, and the finite element method is a powerful way of
hendling a certain class of problems. Neverthelss, finite differences have
many desirable features and are usually used. Many excellent texts are
available on the subject.l3s1®

The heat diffusion eguation is one type of parabolic differential
equation. The finite difference approach aiimg to approximate the first
order derivative and the second order derivetive by means of Taylor series
expansions and obtain algebraic equations. Rewriting the heat equation in

its linearized one-dimensional form

aT 2T . g
3t D 3% * pc (18)

T(x,t) can be expanded in the forward direction

3l
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o7 . (ax)? a1

T(x+ax,t) = T(x,t) + ax i S N (19)

or in tne backward direction

2 P
y 2
D(x-dx,t) = T(x,t) - ax oF 4 {42) 32T

ax 2' axz = seee (20)

If we neglect higher order terms, Equations (19) and (20) can be solved to

yield the central difference approximation to the second derivative

a2y 1

L el /

L ok [nent) - 20(x8) + Tx-txt)] (21)

The forward difference approximation of the time derivative is

2= 2 [T(x,t48) - (x,8)] (22)

Equations (21) and (22) lead directly to the explicit heat flow equation,
namely Equation (16).
The backward difference approximation of the time derivative is

-g-t? = o= [2(x,8) = Tx,t-0t)] . (23)

This leads tc a somewhat different finite difference formulation of Equation

(18), nemely

' = it (KA - ¢
T (t488)-T (8) = = (G [Ty (E408)-2T, (b+at)4T , (t+4t) ]+qhax}.(2h)

The difference is that the rise in tempersture at a node is written in terms
of the nc# node temperatures, as yet urknown, We are lead to write a group
of n simultaneous equations. This is called the implicit method or Liebman's
method. There seems to be no particular advantage to thies procedure until
we realize that there is no stability problem. The method is inherently

gstable for any time step size. There are still questions of accuracy to be
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investigated, but not of stability. Using this approach oneocan avoid
stability problems and choose a value of At based on other considerations
such as accuracy.

A number of variations of the previous development exist for the
purpose of speeding convergence or inereasing accuracy. These typicelly con-
sist of a weighted average of forward and backward differences. See refer-
ence 14 for further def;ils.

Convergence and accuracy are problems of which little of s quanti-
tative nature can be said. In general, if At and Ax are made sufficiently
small the numerical solution will approach the true solution. Trial and
error must often be resorted to. Haviné‘solved & problem the solution can
be compared to that of the same problem by halving 4t and 4x. If the change
in the solution is small one is usually Justified in assuming that the error
is small.

The main drawback ol the implicit method ie the need to invert the
matrix - repeatedly if varieble coefficients are to be allowed. TFortunately
the matrix is sparse, Gauss-Siedel or some similar iterative method of
solution is usually recommended to solve the simultuneous equations. Unfor-
tunately, round-off error can sometimes be a problem. Since the matrix hasg
many null terms it is worthwhile to consider other, more direct methods than
iterative schemes.

Richtmeyer! describes a very fast way of solving the set of
Equations (24). Each equation has at the most three unknown temperatures,

and can be writter in the form

Aamta TRt T AT TG (25)
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If we write

'rJ = !JTJ*I + Fé (26)

Then by substitution into (25)

A
P 2 P Mﬂ. (27.)
I AythysaBia
. . ComA, T4y
§ AytAgaEin (27a)
When § = 1, Equation {25) has only 2 unknown temperatures T, and T, and
c
1 Ao
T, ® i o ==5
14 A2 b
¢ i
1 Ao |
80 that F, = ===  gnd & - =S (28) ;
1 4 ! Ay :
Now all values of E, and F, can be calculated from (21). |

J J

If we assume that the nth node remains at Tn = 'I‘o. then the last

equation of (25) can be solved for Tpey®

Tn-l " En—lTo + li‘n--l

Now Equation (26) will give all the unkncwn node temperatures.

This algoritkim was found to be much more accurate than the Gauss-
Seidel method for coefficients encountered in a realistic problem. 1In
addition it was faster by a factor of twenty times in certain problems.

A computer program was written to solve one-dimensional problems
in heat conduction. A program listing appears in Appendix I, The progranm
is called TRAP « for Transient Heat Analysis Program. It makes use of the

implicit method and Kichtmeyer's algorithm. As presently written the

34




program will solve problems with rp to 20 nodes of arbitrary sizes consisting
of silicon, silicon dioxide, and aluminum in any order. The initial tempers-
ture must be uniform, but can have any value. The thermal conductivity and
specific heat of all three materials are functions of temperature.

Examples of problems solved with THAP are shown in Figures 13 and
14, Figure 13 shows *he temperature rise in & silicon chip when power is
supplied uniformly throughout a surface layer L microns thick. The power
density, 1.5 x 105 watte/cm?-ym, corresponds to 50 watts over an area about
90 microns by 90 microns. The pesk tempgrature increases indefinitely in
this example, in fact reaching the melting point of silicon in about 5 usec.
In I usec the temperature at x « 10 um is about 25% of T . This should not
be taken to mean, however, that some other boundary conditicn at x = 10 m,
such a8 & plated heat sink, would have a pronounced effect on xm' It would
have some effect, of course, but quantitative answers can only be obtained
by running the problem again.

One other precaution should be pointed out when using the resulte
of computer calculations. In Figure 13 the axes are not normalized. Since
the problem is non-linear the usual normalized parameters cannot be used, and
caution must be exercised when attempting to extrapolate the curves to fit
nev situations. If, for example, the temperature rise is 400°C above ambient
in time to’ the rise is not doubled if the input power is doubled. In fact
the temperature rise will be more than doubled in a typical case.

The same problem has been rerun in Figure 1k, except that the sur-
face has been covered by 0.5 microns of silicon dioxide with 1 micron of
aluminum on tcp of that. It is evident that the added thermal capacitance

of the surface layers ha3 lowered Tm appreciably, except for times less than
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Fig. 13. Temperature distribution in silicon due to power applied in &
4 um layer at the surface. Sclution is by the implicit finite
differcnce method using Richtmyer's algoritho and temperature

dependent thermal properties.
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Temperature distridbution under the same conditions as Fig., 13,
but with a 0.5 um layer of silicon dioxide and a 1 um layer
of aluminum at the surface,
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0.5 isec. In the passive silicoa, x>5.5 ym, the temperature is nearly
Q,Mﬁmfggptgg‘py the added layers, at least for the times shown.

A third example, not plotted here, was exactly the same as the
problem in Figure 14, except that the power was dissipated in a 1 micron
layer betweer 3 and U microns from the surface, simulating power dissipation
in a depletion layer beneath the surface. The temperature distribution was
somevhat different, of course, but '.l'm was almost identical. In other words,
fine detail in tlhe power &istribution was not important. A more quantitative

estimate of the imporcance of delail in the model is obtained by caleulating
the diffusion length L = (0.)%, where D is the diffusion constant and t is |
the time, YFor silicor D is about 1 cm?/sec. If t = 1 usec, Ly = 10 ym. For
& time period cf 1 usec heat spreads through distances of about 10 ym. This
was observed in the case of Figure 13. It explains why the exact distributiam
of power within a layer less thea 10 um thick is not important for t of the
order of 1 usec.
Further details of the effect of single surface layers on peak
temperature are given in Figure 15. Here again we have s one-dimensicnal
problem, with a power density of 1.5 x 10° watts/cm?=im in a 4 um layer. The
peak temperature is plotted as a function of time. The dotted lines corre-
spond to different thicknesses of 8102 on the surface. The line labelled
S um 8102 also holds for any thickness greater than 5 ym in the time scale
given. This implies that glassivation layers 5 um or thicker insulate the
silicon from any possible heat-sinking effects of metal deposited on top of
glass (for pulses less than about 10 usec).
The solid lines, terminated at 660°C show the effects of aluminum

deposited directly on the sili~on., The decrease in T m is auite pronounced.
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Fig. 15, Effect of surface layers on peak temperature rise in silicon.

Pover is applied in a 4 um thickness, and the layers are
either silicon dioxide or aluminum.
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For times less than 6 usec the 50 um layer is the same as an infinite layer
and gives a rough idea of the effect of a plated heat sink or a Schottky
barrier on Tm. Since copper and gold have greater heat conductivity than
aluminum Qm would be even lower than given in the figure.

More detailed plots near the origin show that the 8102 layar has a
regligible effect.on Tm when t is less thau 100 nsec, and the same is true
for aluminum when t is less than 20 nsec.

When both aluminum and Si0, are present, the results are more com-

2
piicated. Figure 16 shows the peak temperature after 1.5 usec as a function
of the oxide thickness with the aluminum thickness as a perameter. As ex-
pected, the effect of the aluminum becomes less and less as the oxide thick-
ness is incressed. A 1 um thickness of S:I.o2 is nearly the same as au in-
finite layer, as can be verified in Figure 15. Of special interest is the
fact that a 1 um layer of aluminum lowers Tp to about 500°C irrgspective of
the oxide thickness. This rather surprising result means that s typical
metallization run has about the same heat sinking capability whether it is
over emitter oxide or over very thick oxicde! Again it should be pointed out
that this observation is only valid for one-dimensional heat flow and the
other particular circumstances of Figure 156.

In Figures 17-19 the power density to reach a certain Tm as a
function of time is plotted. The curves are probably more useful in in-
verted form, that is, given a povwer density, how long does it take to reach
a certain temperature. The three figures are for power inputs in e 2, 2, and
4 um layer, respectively. This is the range of base diffusiors in most of

the ciccuits tested experimentally. A layer of silicon dioxide 0.4 um thick

¢overs the surface, this being the average between base and emitter oxide
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Fig. 16. Peak temperature rise in silicon after 1.5 ysec with
variable thicknesses of silicon dioxide and sluminum.
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thicknesses of typical microcircuits.

Comparison of the three figures is obscured by the fact that the
sapc pover density is a different total power input in the three cases. The
thicker the "active" layer the greater the total power input and the greater
the temperature rise. For times less than 50 nsec the heeting is nearly
ediabatic and Tm does not depend on layer thickness. The three figures coin-
cide in this range and the power density vs time curve varies as t™! as
shown in Figure 19. For longer times the curves would be expected to vary as
t'k vhen heat transfer to the nearby silicon becomes appreciasble., 1In Fig-

ure 17 the t-%

assymptote has been reached, while for thicker layers the
quantity of heat in the active layer if still large compered with the heat
energy conducted away and the situation is still adiabatic - like in the time
scale of the figures.

These last three curves are useful for estimating the temperature
which a junction reaches when it goes into second breekdown. Unfortunately,
the one-dimensional solution is a limitation. 1iIn an integrated circuit, the
lateral heat flow into surrounding silicon is important when t is greater
than about 100 nsec.

To summarize the presentation in this section, we can say that
conduction is the only important mechanism of heat flow in integrated cir-
cuits. Although analytic solutions to the heat flows equation are available
for a wide variety of relevant conditiors, they carnot be applied with confi-
dence when the temperature rise is large because of the variation in the
thermal conductivity of silicon. Accurate answers are obtained by numericsl

methods using finite difference techniques. Sclutlions are best expressed in

the torm of power versus time relationships which can then be compared to
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experimental findings.
In the next section a brief survey of second breakdown in semicon=-
ductor devices will be given, This will serve us an introduction to the ex-

perimental results presented and discussed in later sections.
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SECTICN III
A SURVEY OF SECOND BREAKDOWN IN INTEGRATED CIRCUITS

The effect in bipolar transistors commonly referred to as "second
breakdown" was first reported in 1958 by Thornton and Simmons.!S They sug-
gested that it could be the cause of certeain failures occuring in electronic
circuits., It appears as a sudden transition to & low voltage, high current
mode of operation accompanied by current constriction, which may or may not

cause permanent changes in transistor characteristics or even catastrophic

-

failure.
Although the term secomibreakdown was initially coined to re-

fer to bipolar transistors operating in the normal, common-emitter
configuration with the base terminal open, forward biased, or reverze
biased, similar phencmena occur in diodes, both forward and reverse biased,
MOS devices, microwave diodes, L4-layer devices, and, indeed, in all types of
semiconductor devices. The very large number of papers published on second
breakdown and related areas, the varied description of events which accom-
pany second breakdown, and the proliferation of models and explanations for
the phenomenon attest to its elusiveness and complexity. This section will
describe briefly the historical development and features of the popular
models, and some of the more recent experimerntal work.

As mentioned above, the first observationt n»f second breakdown
were in 19%8. Tne previous year, Tauc and Asraham reported the thermal
breakdown behavior of silicon p-n junctions.!® These and later papers
offered a host of explanations., The similarity between breakdown in
Junctions, “ransistors, and other devices led to proposals of a common under-

lying mechanism. These included the formation of a central microscopic melt,
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a critical temperature, a critical current, a lateral thermal instability,

a pinch effect, an instability due to space charge effects, and others.
Special issues of the IEEE Transactions on Electron Devices, August/September
and November, 1966, were devoted to second breskdown. In 1967 & comprehen-
sive survey summarized and critically reviewed the theories in vogue at that
time. 17

There are two common methods of observing the transition into
second breakdown.* One is by direct observation of the volt-ampere charac-
teristic on a curve tracer. Figure 20 shows typical curves for a transistor
and a diode. The transistor is opersted in the grounded emitter connection
with the base either forward (F), open (0), or reverse (R) biased. Schafft!’
points out that a criterion sometimes used for second breakdown is that the
voltage after breakdown is lowest for R and highest for F, The diode in
part (b) of the figure is assumed to be operating in the reverse biased
mode, although similar results are obtained for a forward biased diode.

In the second method, a voltage or current pulse is applied to the
device under test, If the amplitude is great enough, after a certain delay
time, which can be as short as nanoseconds, a transition to a new voltage
and current level will occur. Prior to the transition there is often evi-
dence of heating such as a rise in voltage or decline in current. After the
transition the voltage and current levels are usually quite stable. Typical
wvaveforms are depicted in Figure 21.

Tollowing an excursion intu second breakdown permanent changes in

the device may be observed, depending on the structure, heat sinking, length

* During the remainder of this report the term second breakdown will be used
to meaa the sudden change to a low voltage, high current mode of operation
of any semiconductor device.
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s Fig. 20. Second breakdown characteristics of semiconductor devices.
4 (a) Transistors, showing breakdown under forward F, open 0,

. and reverse R base biasing. (b) Diode breakdown in the
s reverse biased direction,
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of time in secord dreakdown, and the power dissipation before and after the
transition. A microscopic examination may reveal no observable damage,
darkening of the contacts, a stress mark at a junction, "white streak"
damage, or ‘massive junction and metallization damage. ZXlectrical changes
may not be detectabie, or may include increased leakage current, soft junc-
tion brerkdown, changes in breakdown voltage, changes in beta, a decrease in
delay time during subsequent pulsing, or the presence of a low resistance
short circuit across the contacts.

For devices where the delay time depends on the amplitude of the
paise, it is clear that a thermal mechanism must be involved. The concept of
an intrinsic temperature was proposed by Ford!® and by Melchior and Strutt,!?
In this theory, once the junction temperature reaches a point where the
lightly doped side of the junction becomes intrinsic, then further increases
in temperature will cause a decrnase in resistivity. The negative resistance
results in an instability which causes a current constriction to form. The
low resistance of the comstriction causes the collapse of the junction field
and the drop in terminel volzage.

Another version invokes a criticel temperature at the point where
thermal generation of carriers is able to satisfy the current requir-azents
without the need for avalanche multiplicetion. When the device becor -3 hot
enough the current concentrates at the point of highest temperature and the
extinguishing of the avalanche produces the observed drop in voltage. If
this is the case, the presence of defects should have an effect on th: delay
time. Investigations into this point have produced mixed results according
to Schafft.}!? His conclusion is that second breakdown does not depend on

imperfections for its existence but is enhanced by th-m.
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If the idea of a critical temperature is valid, changes in ambient
temperature should cause a difference in the delay time. Again the results
are mixed as repo-ted by Schafft.

In the microscopic central melt theory20 it was postulated that a

smell portion of the junction melts during the transition tc second break-
down. If the melt or "mesoplasma" were small enough it might not be detected
during an analysis of the device., A number of other workers have investi-
gated the temperature and voitage distribution in melted columns, the
stabillity of melted regions, and the voltage-current relationships.

More recently a number of other important contridutions to thz work
on second breakdown have been made, Unfortunately, the picture has not been
simplified; instead, new evidence has been presented for the existence of
several distinct mechanisms.

In the case of diodes, Bowers?! ani Muller and Guckel22 have shown
that space cherge effects due to device current can cause negative resistance
under certain conditions. Apurt from the instability which accompanies nega-
tive resistance, the space charge will cause a change in voltage across the
space charge region which then appears as a change in terminal voltage. With
high current pulses the voltege is considerably higher than the Junction
breakdown voltage and it is important to know how much of the excess appears
across the Junction and how much is due to parasitic IR drops in the bulk
material, leads, etec.

Hower and Reddi?? have reported that second breakdown cen be in-
duced in n+-n-n+ diodes by a proceas of avalanche injection. The diodes were
sufficiently small and the pulse power and pulse time such that the peak

temperstures did not exceed 38°C above ambient. Under these conditinmns, if
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second breakdown/is observed, it is easy to argue that the effects cannot be
thermal! They observed a negative rasistance region at low currents which
was attributed to space charge effects. At higher currents a discontinuity
.t0 a low voltage kigh current state was observed. This was correlated to
the onset of avalanche multiplication at an n+-n Junction. Trariistors
fabricated on the same wafer with diodes were slso found to have second
breakdown characteristics caused by avalanche injection.

Second breakdown triggered by a critical current level was found
by Tasca in both diodes and transistor jumctions.?* He did not attempt to
fit his findings to any par.icular mechenism. On the other hand, he also
reported that some of his devices failed by a therral mechanism.

Chiang and Lauritzen?® worked with small, heavily-doped, guard
ring diodes. They monitored the light emission due to avalasnche breakdown
and incandescence at current constrictions. Thermal breakdown occurred at
about 1100°C, which was also the tempersture at which the lightly doped side
became intrinsic. The injected carrier concentration at thermal breakdown
was about two orders of magnitude less than the background doping concen-
tration,

Fleming® and Wang2® have argued the case for the existence of a
critical temperature where the leakage current has increased enocugh to
provide the ‘otal device current. Avalanche muitiplication is no longer
required end the avalanche is extinguished. This point of view is also
advanced by Sunshine who has perfcrmed a series of detalled and comprehen-
sive experiments on breakdown in silicon-on-sapphire diodes.2”

Sunshine's work is an extension of work by Dumin?® who had con-

cluded that second breakdown was reached when the diode current density was
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equal to the background doping concentration. Sunshine, using SO0S diodes
supplied by Dumin, devised careful experimental teciniques which enabled him
to ascertain the sequence of eveats which sccompanied second breakdown. In
the firat place, he reexamined Dumin's work on light emission during ava-
lanche breeskdown, current constriction at the junction, and filament forma-
tion in the high resistivity region. He alsn assembled light transmiesion
apparatus for determining the temperature of the silicon material based on
the variation of the optical abszorption coefficient with temperature.
Finally, he used a laser in a stroboscopic technique which enadled him to
observe temperature variations in space and time with repetitive pulses.

The diodec were made by growing a thin silicon film, either n or
p type, about 1 um thick on r, sapphire substrate. p+ and n+ regions were
diffused to form p+nn+ or p+pn+ diodes. Metul lands on the p* and n+
regions served as contacts for probes. The diodes were about 50 ym wide,
and the high-resistivity region was varied in length from 2 to 300 um.
Breakdown voltage dependel on doping level, being typically 18 volts.

The dc experiments clearly showed the relationship Yetween the
diode volt-ampere characteristic and the current distribution in the diode.
At low current levels avalanche light emission showed nonuniform breskdown
across the junction. Tae silicon had a high dislocation density, but was
otherwise free from defects. In spite of the non-uniform breakdown the
volt-ampere curves showed a sharp, clean breakdow: unlike that when micro-
plesmas are present. As the current level incre:sed the avalanche emission
became more uniform and more intense, showing the levelling effect of the
negative temperature coefficient of avalanche breakdown. At still higher

currents “he current began to constrict, ususlly near tne center of the
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dicode where the temperature was greatest. At a level corresponding to the
threshold current for the onsat of negative resistence (second breakdown) the
avalanche emission was extinguished in a portion of the junction. At the
center of this region a small incendescent spot appeared. As the current
was increased s%ill further, the spot grew in size and intensity and ave~
lanche emission ceased everywhere.

A constent current source was also used for pulse testing. When
the pulse current was less than the threshold value the diode voltege would
show the effects of diode heating. When the current exceeded the threshold
value, two characteristic time intervals were noted: TD’ the delay time, and
T

F

voltage would initiaelly increase due to heating. At time TD the voltage

reached a maximum value, then began to decline rapidly. After an additional

, the filament formation time. When the current pulse was applied the

time interval TF the voltage reached a steady, sustaining value.

With the stroboscopic technique Sunshine was able to correlate
these characteristic times with variations in current and temperature in the
diode. At time TD +wo things happened., First, avalanche emission ceased in
& region near the center of the diode. Second, a hot spot formed at the
center of the region, while portions of the junction adjacent to the hot
gpot began to cocl. After careful investigation, Sunshine concluded that
the extinction of the avalanche and the formation of tt2 hot spot occurred
vhen the local temperature was high enough “o generate sufficient thermal
current to supply the dinde current density. Avalanche multiplication being
no longer required, the voltage across the Juncticn at that point wouléd drop

Tae drop in voltage would cause the nearby current to funnel into the region,

resulting in a current constriction.
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The constriction would elongate into a filament extending across
the high-resistivity region during the time intervel TF if the growth condi-
tions were favorable. This required that the power density be high enough
to raise the temperature of the high-resistivity material to its intrinsic
temperature,

Constriction occurred at Junction temperatures of several hundred
degrees Celcius. As the filament formed and became incandescent the peak
temperature increased, reaching 709-1100°C before burnout occurred.

In the case of forward biased diodes the maximum temperature rise
occurred near the center of the high resistivity region rather than at the
Junction. Filament formation again took place when the temperature reached
the intrinsic value.

Sunshine's work has been extended and elaborated on by Budenstein,
Pontius, end Smith.2® Their conclusions generally agree with those of Sun-
shine. They used SOS diodes of various geometries and resistivities fabri-
cated by the Autonetics Division of North American Rockwell,

The diodes were pulsed with & constant current source., At low
pulse amplitudes the avelanche emission was low in intensity and beaded in
appearance, There was little indication from the voltage waveform or from
the transmitted light photograph of heating. At higher pulse amplitudes the
avalanche was brighter and more uniform with evidence of heating st the
Junction and to a lesser extent throughout the high resistivity region. At
still higher levels, at Jjunction temperatures between 600 and 700°C, current
constriction occurred at certain sites slong the Junction. The counstriction
sites appeared in the transmission photographs as dark spots along the

Junction, with avalanche emission ceasing in & region X to 5 mils on either
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side. The dark spots usually occurred at the seme places at each pulse. The
number and spacing was determined by the pulse emplitude and duration. The
short, high amplitude pulses produced the largest spot demsity.

The appearance of & current constriction was accompanied ty a
slight, often imperceptible drop in voltage. As the filament spread across
the high resistivity region, the voltage decreased slowly. When the filament
finally bridged the entire region catastrophic failure occurred as & molten
column about 1 ym wide formed within the current filament. At this point
the voltage dropped abruptly to about one-half its peak value. The damage
produced during this final stage was visible and also appeared as a deteri-
oration of the volt-ampere characteristic. Budenstein suggests that what
Sunshine refers to as second breakdown is the initial drop in voltage during
the nucleation and filament formation and that the final, abrupt change in
voltage accompaniec by device damage did not occur. Thus there is & some-
what different interpretation of second breakdown between the two groups of
researchers.

Many other features of Sunshine's work were corroborated by Buden-
stein et al. Nucleation of a filament was found to occur when the thermally
generated carriers were able to sustain the current. The filament spread
into the high-resistivity region as the temperature was raised to the intrin-
sic temperature.

In forward biased junctions or semiconducting material without
Junctions a similar sequence of events took place. Heating occurred in the
high resistivity bulk material or around the probe contacts. A current
filament formed, and when it finally bridged the contacts & molten filament

formed and .%. voltage dropped abruptly. In some reverse biased diodes it
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was possible to initiate a filament in the high resistivity region before
constriction at a Junction site took place.

The summary by Budenstein et al., providesus with a fairly clear
picture of second breakdown in jJunctions. Two stages of filament growth are
assocliated with second breakdown. 1In the first stage current constriction
occurs and & filament grows, accompanied by a relstively slow, gradual drop
in voltage. In the final stage the filament has bridged the contacts and a
melt column forms, accompanied by a precipitous drop in vol*tzge. These two
stages cannot always be clearly aistinguished in the voltage waveform.

In the case vhen & re-eres-hiagsed junction is present nucleation
of a filament occurs at the Junction when the thermal generation of carriers
is sufficient to supply the current requirements. Otherwise, a filament
forms when the temperature of the bulk material reaches the peak of the
temperature~resistivity curve.

Junction defects play only a minor role in the nucleation of
filaments. The position of Junction dark spots depends mainly on the
temperature distribution. When a melt channel has been formed, a subseguent
breakdown does not usually superimpose & second melt channel on the first,

Although only thermal mechanisms were considered it seems reasona-
ble that other carrier injection mechanisms would bring about second break-
down whenever the injected current density was equal to the local junction
current density.

This siummarizes the present understanding of second breakdown in
semiconductor junctions., A great deal of progress has been made in recent
months. The following section will present the results of pulse testing of

integrated circuits, showing the relation with the theories of this section.
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SECTION IV
EXPERIMENTAL RESULTS

In the experimental part of this prbgram, several different inte-
grated circuits were stressed into second breakdown with single pulses. The
object was to determine the relationship between threshold power and pulse
duration. The pulse voltage and current waveforms and the device damage will
be related to the second breakdown models discussed in the preceding section.
Recall that necond breakdown is defined here as the transition to a low=
voltege high-current state. In the case of reverse biased junctions this
transition almost always resulted in permanent electrical changes and visible
damage. The rare exceptions wiil be pointed out. Ian the case of transistors,

the results are somewhat more complex,

A. Testing Procedure
The integrated circuits vere pulsed into second breskdown by the

application of approximately constant current pulses rangling from 100 nsec
to 10 msec long. The device under test was connected to a Cober Model 604A
pulse generator. Amplitude of the pulser is continuously verisble in three
ranges from O to 1500 volts open circuit. Currents up to 6A are available,
with a peak power of 9 KW, Rise time is adjustable fiom 20 nsec to 100 nsec.
Pulgse width is determined by an external pulse generator and can be varied
from 50 nsec to de. Output impedance for the 0-150 volt rarnge, whers most
testing was done, is about 40 ohms. The generator was found to be reliable,
simple, and convenient to use, and was able %o suprly sufficient power for
nearly all test conditions. Voltage across the DUT was displayed on one

channel of a Tektronix 555 dual beam scope while the other beam monitored
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the current by means of a Tektronix clamp-on current probe. All testing was
of a sirgle pulse nature. A Datapulse 101 pulse generator operating in the
3ingle pulse mode triggered the Cober pulse éenerator and fixed the pulse
width while simultaneously triggering the oscilloscope sweep. A Polaroid
camera recorded tae current and voltage waveforms of each pulse.

Figure 22 shows the experimental arrangement. Most tests were
performed at room temperature. In some cases the ambient temperature was
changed by immersing the device in ligquid nitrogen or mounting it on a hot
stage. In some instances the DUT was mounted under a microscope with a video
camera attached., The results of single or repetitive pulsing could be
viewed on a monitor-and simultaneously recorded on an Ampex VR7800 video tape
recorder.

Junctions were stressed in both forward and reverse biased modes.
Transistors were tested collector-emitter, collector-base, and emittér-base.
Electrical characteristics were checked on a curve tracer before and after
testing. The devices were delidded for visual inspection after testing.
In a few cases the devices were decapped and photographed prior to testing.

The usual procedure was to select a pulse width and gradually in-
crease the pulse amplitude ;i1 second breakdown occurred. Second bresk-

down was detected either Irom the voltage~current waveform or from changes
in the electrical characteristics displayed on a curve tracer. To rule out
the possibility that the initial, sub-threshold pulses could somehow alter
the device's susceptibility to second breakdown, several junctions were
pulsed 50-100 times or were pulsed repetitively at low prf for several
minutes. The voltage-current waveforms were found to be identical before

and after, the electrical characteristics s. -wed nc evidence of change, and
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Fig. 22. Experimental arrangement for pulsing devices.
The current and voltage waveforms were recorded

by a Polaroid camers.
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the second dreakdown charucterilt?cs were subsequently found to dbe virtually
identical with those of other Jun@tions on the same chip.

After stress-testing, most devices were examined visually and
photographed. Some circuits were examined in greater detail by proding,
angle~lapping, cross-sectioning, and etching.,

B. Devices Tested

All devices were in monolithic integrated circuit form, either
commercially available or fabricated by standard techniques by major semi-
conductor manufacturers. Tests were performed only on parts where single
Junctions or transistors could be isolated from the rest of the circuit,
This placed some restriction on the selection of devices; nevertheless, a
reasonable selection of manufacturers and fabrication technologies was made.

A list of devices is given in Table I, With the exception of the
core drivers, sll circuits were low power devices. Up to 20 parts of each
kind were tested, each part containing up to 6 available junctions and

transistors.

C. Results

l. Part A

This device was tested more exhaustively than any of the others.
It 13 a dual, 3-input expander, mounted in a 10 lead TO~5 can. The circuit
diagram is given in Figure 23. The connected emitters and collectors pre-
clude the possibility of testing individual transistors unless the metalli-
zation is scratched open., If the collector-base Junction of one transistor
is prlsed ir the reverse biased direction, instead of observing BVCBO on

that transistor we observe BV

Cco OB one of the edjacent transistors plus the
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emitter-base b@g@kﬁéﬁﬁ voltage of the frgggiétgghbeiggfggéfea, Consequently
Photdﬁidro;raphg of the ¢circuit appear in Figure 2k. The chip
size is 34 x 54 mils x 7 mils thick. Details of the emitter-base region are
shown in part(e)of the figure, where each small division is 2.5 um. Note
the misregistration. The distance between the emitter Junction and the base
contact was found to “vary from 5 tolTum in the 1T parts examined. A corre-
lation was found between this spacing and the threshold power for second

breskdown. Alao note that some of the contact windows are only partly

E covered with aluminum, the emitter contacts oz one side and the base con-
tacts on the other. This has implications regarding the effect of contact
resistance and contact alloying on second breskdown threshold energy. No

i relationship was noted on these devices.

Angle lapping and cross sectioning several samples yielded the
dimensions shown in Figure 25. There is no epitaxial layer, the collector
regions being formed from & deep diffusion. The oxide thicknesses were of

the order of 0.15 um over the emitter regions, ;9 um over the base dif-

fusions, and 0.63 ym over the remaining portions of the die. Resistors were

probed on 3 chips to determine the base resistivity. It was nearly identical

on all 3 chips, averaging 120 ohms per square.

2

The electrical characteristics of all devices were gquite uniform.

g

5 i The breakdown voltage of the emitter-base diode was 6.4 volts with no evi-
ﬁ? i dence of soft breskdown, instability, etc. At TT7°K the breakdown voltuge
i% % decreased to 5.4 volts, while the forward voltage drop at 2 ma increased

E? from 0.80 volts to 1.1k volts. BVCEO was 7 volts, BVCBO wes b volts, and

collector-substrate breakdown voltage was 42 volts. BVCBO decreased by
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Fig. 2b (cont.) (c) View of emitter-base junctions. Note
differences in junction-base contact distance, and metalli-

zation covering only part of some contact winde
small division is 2.5 um.
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5 volts at TT°K while the collectcr-substrate breekdown decreased by 6 volts.

As explained earlier, each junct’on was checked on a curve tracer
first. Then the device was connected to the Cober pulse generator, a pulse
width selected, and the device pulsed at increasing power levels until
second breskdown occurred. Typical waveforms are shown in Figure 26 for
reverse bilased dicdes at room temperature. Waveforms at ~196°C and 200°C
were similar.

The upper waveform in each case is the voltage acrose the junction
and the lower waveform iz the current. The second breakdown transition is
readily apparent in each waveform. In parts (e) and (f) of the figure, the
surrent is off soale after second breakdown. The pulse risetime is about
20 nsec. Current and voltage are roughly constent both before and after
second breakdown. Heating effects are noticeable during the first part of
the pulse as the voltage rises and the current falls. Eventually the slope
brcomes zero and then changes sign. This is an indication that second break-
down ic imminent.In part (d) of the figure, the discontinuity in the slope is
particularly evident in the voltage waveform about 1.5 usec before second
breakdown. This "glit~h" was noticeable in most cases, appearing as a gradu-
al change in slope in the shorter pulses (a), (b), {¢), and as a "hesivancy"
in the longer pulses (e) and (£). If the pulse was terminated after the
¢litch appeared but prior to second breskdown, no damage to the diode could
be detected. Subsequent pulses at the same power level did not induce
second breakdown., The voltage and curreni waveforam remained the same, al-
though the glit~h sometimes shifted to & slightly eariier time in the pulse.

The interpretation of second breckdcwn by Pudenctein et al., seems

5 opply here. 1t is reasonable tc ascribe the di:.cntinuity in the voltage

o o v e B S R,
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to a change in the conduction process. But “h@t*k1§§ of a change? The fact P
that there is no dgm;ge maans that ;t is reversible. The transition to

second breakdown alvays caused damage in these 4io&es; hence must be associ- X ng
ated with the formation of e microscopic melt. What stage lies between ' |
normal avalanche breakdown and melt formation? The only conclusion is cur-

rent constriction and filamentation, exactly as in the case of SOS diodes, -

TABLE II
DIODE BREAKDOWN CALCULATIONS FROM FIGURE 26(c)

————————a—— — ———————
Before Ereakdown After Breakdown

Average A 15 5 volts
Average I 300 580 ma
Aversge P 4,50 2.90 vatts
Time t 1.87 1.20 usec
Energy E 8.41 x 107 3.48 x 107° joules
Resistance R 50 8.6 ohms

Table II lists the guantities of interest calculated from the
vaveforms of Figure 26(c). The average power is taken as the average current
times the average voltage. The diode resistance is the ratio of average
voltage and current. This is important when related to the generator output
impedance (38 ohms in this voltage range). As the diode shifts into the
second breskdown mode its resistance changes to a lower value. If this shift
causes the diode to be more closely matched to the generator iwmpedence the
power supplied to the diode will increase. For test device A the diode was
neerly matched prior to second breskdown. After second breakdown occurred

there was a mismatch and the power decreased. This ie an important considera-

T2
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of primary intereat is the relationship between the delay time
before second breakdown and pulse power. This ie plotted in Figure 27. The
numbers near the data pointe indicate the distance in microns between the
emitter junction and the base contact window (or base metallization if the
window is notentirely covered). The dashed lines connect points from
Junctions on the same side of a siagle chip., It is clear that junctions
with the greatest spacing have a higher threshold power. Unfortunately, the
distance parameter could not be controlled and phere is not enough data for
a quantitative relationship with the other variables.

Seven Jjunctions were pulsed to failure in the forward directicn.
For this condition second breakdown was more difficult to detect from the
voltage-current traces, particularly for short pulses. The Jjunctions were
checked on a curve tracer after each pulse to determine when permanent
demage took place.

Waveforms of three junctions are shown in Figure 28. Part (a)
shows two successive pulses of short duration superimposed. After the Pirst
pulse there was no observable damage so the amplitude was increased slightly.
The voltage and current of the second pulse are slightly higher until nearly
the end of the pulse when th~ volteje changes slope and becomes less than the
voltage of the first pulse. Aft r the second pulse both electrical and
visual demage were observed.

Part (b) of the figure shows three pulses applied Lo the same

Junction. Heating becomes more and mere proncunced as the amplitude is

% When pulse rise time and transition time to second breakdown are not negili-
gible, for example in lhe case of very short pulses, the pulse width is taken
between 75 per cent amplitude points on the voltage waveform prior to second
treakdown.
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Fig. 26, Forward bias waveforms for Part A. (a) 10 v/em,
2 A/em, 100 nsec/em. (b) 5 v/em, 500 ma/cm, 500 nsec/em.
(¢) 5 v/cm, 500 ma/cm, 500 nsec/cm.
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increased. Duiing the third pulse the voltage reaches a maximum value then
decreases. No damage could be observed. Finelly the pulse in part (c) of
the figure was applied. Near tae end of the pulse the voltage .shows a
greater drop and the rise in cugrent is more apparent. This pulse caused
permanent damage.

Part (d) shows two pulses of much longer durution. During the
first pulse the voltage rises monotorically while the current remains con=-
stant. Duriug the second pulse the voltage rises rapidly, reaches a bdbroad
maximum, and thben drops abruptly in twe steps. Permanent damage was found,

As in the case of reverse biased junctions the change in slope of
the voltage is an indication that second breakdown is imminent, However,
damage can occur without the precipitous drop in voltage which reverse biased
Junctions show. Budenstein et al., noted similar behevior in their diodes.
Their findinge indicate that the current distribution and heating sre uniform
up to and including the change in slope. Noit until second breakdowr is
imminent does a filament form. Since the advent of permanent damage is not
well defined in the short pulses of Figure 28, one concludes that the peak
voltage point must occur at a very high temperature; when filamentation
finally does take place the formation of a melted column does not require
much additional temperature rise and the voltage does not change much., For
long pulses the temperature and current distributions are less uniform and
the transition to a melted column would be more noticeable.

Junctions were also "zapped" at liguid nitrogen temperature and at
200°C, about 10 junctions st each temperature. Usually three junciions on
the same gide of & chip were tested at the three embient temperatures and

with the same pulse width to keep es many variables as possible the same,
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pulse widths lesg than 1 usec the change in threashold power was small, es=-

pecially when “he ambient temperature was changed to 200°C., This is further

o WU

£

evidence that filamentetion and second breakdown occurs at very high tempera-

tures.

R

The results of varying the ambient temperature are plotted in
Figure 29. The curves are drawn for an average Junction-base contact width
of 10 microns., Data points are omitted to avoid confusion except for the ;
forward biased cases where all seven junctions had nearly idegtical geome~ |
tries.

! asymptote

The three reverse bias curves have not yet reached & t
at the shortest Pulse width., This is because the devices are small, and in
the reverse bias mode the power dissipation is highly locelized; the heat
conducted away 1s an sppreciable fraction of the total energy in the small

heat-producing volume, so adiabatic conditions are not approximuted with 100

ié nsec pulses. In the fu.ward bias mode the heat 1s produced throughout & much

larger volume. The amount of hest which is conducted awany in 100 nsec is a

[

i: smaller fraction of the total heat dissipated and the situation is more

%% i nearly adiabstie.

‘gf ! One cire it was used to investigate the effect of heat sinking.

g‘ The device was decapped and half the Junctions were zapped at different pulse
?% widths. Then a drop of epoxy was placed on the chip. The difference in

ﬁ threshold power f¢r pulses up to 5 usec long was less than 10 per cent. This

means that the silicon dioxide layer is a relatively good thermal barrier for

these pulse times. .
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Damage aiways occurred during second breskdown in reverse biase:
diodes, and in forward biased diodes whenever an easily discerned second
breakdown transition occurred. The most sensitive indicator of damage was ¢
change in the reverse breskdown characteristic of a diode. The forward
characteristics were unaffected unless messive damage had occurred, in which
case the diode appeared to be shunted by a resistor. The damege typicelly
appeared as a change in the knee of the curve at breekdown, with the rest of
the characteristic wnaffected. The characteristics of several dsmaged
Junctions ere shown in Figure 30.

It should be pointed out that a criterion of minimum detectable
chenge is being used here. Damage does not necessarily imply a malfunction
in circuit operation. The diodes in Figure 30 would perform satisfactorily
in most circuit applications. The criterion of detectable damage however is
more precise, independent of application, and is & limiting case.

Visual damage correlates roughly with the time spent in second
breakdown and the energy dissipated during that portica of the pulse,
Junction damage weas visible in all but two cases. In these two cases the
time spent in second breakdown was short - less than 20 nsec - but the stress
marks were revealed when the metallization and oxide were remcved and a dash
etch applied for a few seconds, It should also be noted that visible damage
might occur after the pulse has been terminated, for instance when heat from
a2 high temperature region diffuses 1o & contact and causes delayed melting
or contact damage.

Examples of damage in the reverse bias mode are shown in Figure 31.
One of the Junctions in part {a) shows aluminum in the melt track, with

damage to the metallization oa both emitter and base. Visible aluminum or

80
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damage extends from the junction to the base contact
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"white streak" damégé was rarely seeﬁ on these devices. The other zap marks
in part {a) are typical. Ususlly there is a proncunced mark at the junction
with e tall extending toward the bese contact. If the aluminum does not
cover the base window entirely, or if the sluminum is removed, the track is
seen to terminate at the base contact. There is usually no evidence of dam-
age extending to the emitter contact.

In part (b) of Figure 31 the junction with the mos: demage was
accidentally pulsed in +the repetitive mcde. In cases where this occurred the
daraged region was often mushroom shaped with {he cap extending laterally
alony the junction end well into the emitter contect. The stem extended to
the bas. contact where metallizaetion damage was apparent. The other stress
marks in part (b) are typical. Parts (e) and (d) show two typicsl zaps at
high magnificstion. In both cases the zaps terminate in the base window, but
do not extend to the emitter contact.

In rare instances, damage was not apparent under the microscope.
In Figure 32 one of these cases is shown. In pert (e) the metallization has
been removed. The device in the lower left has a very faint track in the
base region. The device in the upper right has no visible domage. In
part (b) of the figure the emltter and base oxide have been removed. This
enhances somewhat the track at the lower left. In part (c¢) & Dash etch has
been applied for a few seconds. In the upper righc of the photomicrograph a
faint mark is now seen &t the corner of the Junction. Thus it seems certain
that second breakdown in these devices is always accompanied by electrical
damage and detectable visual damage.

In some devices the zap marks extended well into the emitter con-

tact area. This was the exception rather then the rule and ususlly happened
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Fig. 32 (cont.). (c) Dash etch., A faint mark now appears

at junction at upper right. A faint track extending to the
base contact could be discerned under the microscope. The

other stress marks clearly extend from junction to base

contact.
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vhen the excursion. {Ato second breskdéyn had e long duration. Thils it
appears that 1n réi}“é'fs,e\ biaged Juictions tie dussge first tokes 'place 8t the
junction, spreads quickly into the base to the base contact, nd finally
extends through the emitter to the emitter contact,

. 8ix forwdrd bieseil junctions are shown {n Fig. 33, 1In the first
microphotograph, part (a) of the figure, several interesting features appear.
The device at the upper left appears to be damagei-ohly»ﬁeér the base cortact.
The device at the upper right has only bharely discernavle damege The damage
to the diode at the lower loft is normal, while the device on the lower right
geems to be demsged only In ﬁhe eniiter region,

In the second microphotogragh, part (b) of the figure, the metslli-
zetion has been removed. This reveals some details not apparent in part (a).
Pinally in part (c¢) the oxide has been removed. All of the devices show at
least faint tracks extending from the base contact to the Junction.

In the device at the lower right corner the damage extends g)l the
way to the emitter contact. The pulse which produced thLis damege 1s the one
shown in Fig. 28(d). Referring to this previous figure, note the finel short
transition which occurs after second brewkdown has teker place., In a later
part of this report it will be shown +hat there is & strong correlation
betwzen the prvsence of tie small voltage drop in the pulse waveform and

damage extendirg from the Junction to the amitter contact.

87




R R A L T < fr e \
= 8 2 ~ L K S N WS e e T mn s < aen o v aer -
“ W gt TE U ey m0 G LI A oot N d YT . * AN e AT e e N ez o
i o b e st s gt ! 2 Lt e e S et 2 T e, i . - S i
e - t £ N - - -
B ""m,* w . , L - - R N
-~ ' - i T
- . B - - - -
R e, K . \ . - < T B ~
B feq, n - -
. ~ . . - - , o e .
S . ‘ ‘ .
S . '
o, . . v
- ~ . N -
A N
S , . s
e R
; .
i
I - ¢
LT ON N
A A
REANAT ]
ol
i R N ey
A Vs
ot
i

eI, WS A e 0 Lo o e yome oy ; ey

, A N S T R A A e e e
| X -z‘{,, S ok § '“ér L, wprame 7y WY oy S RT3 L 150 Je R S A TAL LA
i RSN Sl YE I Mﬁ( Pl e s & O v M '*‘«f”."’sgf e 1Y

. N AR A Lo A O R s DR R R By

AL o B By A “&'m’x:\&ff BT RECR oI BAIOSRES i'u i

" o ~ Al OACEETRS MK 4

S,
" S e 0 Syt

{ R oI
s

e et s e 8 sk

(b)

;:‘
>

X

ERE

e g,

Tien

i

g 0 o e T

FAOT I SRS ey

¥

BT

e

Fig. 33.

Damage to forward biased junctions. (a) Photo-

microgreph of the junctions. (b) Metallization removal,
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7ig., 33 (cout.). {c) Oxide removal, All jJunctions show
deinage extending from the hase contact to the Junction,
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2, Part®

This circuit was designed for a previous test program. A number of
parts were stisl available and heve been utilized in the present study. BSev-
eral components were fabricated on the chip. The cireuit connections for the
components tested in this program are given in Fig. 34. The diode was pulsed
in both forwerd and reverse biased directions. The transistors were tested
baze-emitter, ~ollecter<base, and emither-hase, Unfortutately, it was not
possible *¢ remove the 1K resistor neross the emitter~base terminals without
opening the purkege and scratching open the metaliization,

The chiy is mounted in a ll-pin metal flet pack. Photomicrographs
of tuc die are given in Zig. 35. Part {a) is an overell view. The chip
measures Ll x 58 % 8 mils, Fabricotion is by the plenar epitaxisl
method with a buried subcollector, us.ng standsrd 10 MHZ DTL technology.

The diode is iocated at the edge of the chip, pins S and 10 the
enchode and anode, respectively. There is a metallization stripe exactly
sver the active edge of the Junction. Three itrannistors are accessidble, with
emitters connected in common to pin 1. The trensistors ere of roughly the
game dimensions but with 8light differences in the geometry. The differences
can be seen more clearly in psrt (b) of the figure. The transistor nesr the
middle of the die has a gomewhet greater Junction to base contact distance
(recall that this made a significant difference in the threshold power of
Davice A, ¥ig. 27). The other twe transistors have emitter windows of
slightly different ares and locaticn within the emitter region. Detaills of
the dicde and one transistor are more easily seen in the last two photographs
in the figure. The smell divisions are 6.25 ym.

Other deteils are shown in Fig, 36. The epl layer im 10 um thick,

90




10

4
RESISTORS = IK

Schemn~tic diegram for Part B.

i
4
.1,
'
P
-

Fig. 34,

91

prroy ey A AR T TR A ety AR

I L T e R I I T TP e sy N
{ et 2 B SR st o SRS R N v n e 1 e R L R Y N WAL




oo T ) B S

T e T e Y T e Yo S T Y Wb ot £ R T R Rt R T L RN AL 5 7 CF SRWTy

.

y

3

rs
S R

e,

_(-" .

- .
PR

AL 0
Presy-- o
R

=y
2

2oy

Fig. 35. Part B, special test circuit. (a) Overall
view of chip. (b) View of transistors,
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.-2 bage diffusion is 2.4 m deep, with a sheet resistivity o2 170 ohms per
square. The emitter diffusion is 1.7 um &deep. Th@ buried layer was not
clearly revealed by lapping and etfiching but its presence is evident from the

photos in Fig. 35. The oxide thicknesses were determined to be

collector - 8,500 &
isolation regions - 6,800 3
base - 14,900 8
enitter - 1,500 8

The manufacturer's specifications for the cirruit are

Ny 20-50

BVCEO 3845 volts
BvCEO 13-15 wvolts
BVzmg 6.3=-6.7 volis

Electrical characteristics sre shown in Fig. 37. Part {a) is the
ilode characteristic. Part (b) is the emitter-base characteristic of the
three transistors superimposed. In the forward direction two of the trans-
istors have identicsl characteristics. The third transistor (pins 1 and 5)
has an increased voltage drop due to the increased bage width. In the re-
verse direction the shunting effect of the 1K resistor is apparent. Agal:z
twe of the transistors have identical traces while the wide base device has
an additional voltage drop.

Part (c) of the figure shows the collector-base characteristics,
The switchback in the reverse bias direction is due to the emiitter being
connected to the base. Part (4) is the collector-emitter charscteristic.

The forward direction .n the Pigure in under normal biesing, that is, the

95

e e -
AT TR o e " -
:)’(Lté)?-ﬂ‘,qf,».j‘é-i“_ﬁ",?a‘ w.:;:&-az

- o - . N n e ¢

SESEE

o e e s f

AR

d

4,
L

& h ; vﬁ"‘ én'?«wﬂ( i a%.‘a’a g«

3
&
kY

R,




S Bz s

e o

N

R EETS

A

rﬂl‘ﬂ\wzﬁm 7

L ——— S n—— ——— 27 7o 5

T A R R T A AR T TRt

g

(a)

Fig. 37. Electrical characteristics, Part B. (a) Diode
characteristic. Forward, 0.5 ma/cm vertical and 0.2 v/em
horizontal. Reverse, 0., ma/cm, 2 v/cm, (b) Emitter-base
Junctior characteristics. Forward, 10 ma/cm vertical,

0.2 v/cm horizontal. Reverse, 10 ma/cm, 2 v/cm. See text
for explanstion of multiple traces.
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Fig. 37 (cont.). (c¢) Collector-base juncticn characteristics.
Forward, 2 ma/em, 0.2 v/cm. Reverse, 5 ma/cm, 10 v/cm.
(d) Collector-emitter characteristics. Forward, 5 ma/cm,

10 v/cm, collector positive with respect to emitter.
S ma/cm, 1 v/cm, inverted polarity.
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collector is positive with respect to the emitter. The switchback is more
complex than usual,.again due” to- the connection between emitter and base, In
the reverse direction the collector ia negaxive with respect to the emitter.
The collector-baae Juncti&n is then fbrwara biaaed, and'the 1K resistor
appears in series with this Junction. thp&@h; yoltage is large enough to
cause emitterdbase btpakdown~the current'béé;gs to incréise, with a switch-
back oceurring due to carrier injection fﬁd@vtpe collector Junction,

The emitter-base resistor wao disc;ﬁnected from one transistor ty
scratching open & portion-of the metallization. The transistor -haracter-
istics were then found to be normal, with parameters very clivse %o those
specified by the manufecturer,

Second brealdown date on Device B will be presented in the follow-
ing order. First the diode results will be giver. This will be followed by
the transistor emitter-base data, then the collector~base results. Finally
the collector-emitter results will conclude this portion.

&) Part B - Diode Results

These diodes differed from those of Device A mainly by having a
significantly larger area, The linear dimensions were very nearly 2% times
those of Device A (except for diffusion depths, which were nearly identical).
The threshold power was cnnsequently much greater., The base sheet resisti-
vity wes 170 ohms per square, compared to 130 ohms per square.

About 30 dicdes were tested - 8 fcrward biased, 2 reverse biased at
TT°K, and the rest reverse blased at room temperature. Representative wave-
forma of the latter tests are slown in Fig. 38, parts (a) and (b). The wave-
forms are similar to those of the emittier«base Junctions of Device A. There

are no "glitches" in Fig. 38, however, nor did they ever occur in these
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Fig. 38. Reverse bias waveforms for the diode of Part B.

{a) Upper trace 20 v/cm, lower trace 500 ma/cm, time scale

500 neec/cm. (b) 10 v/em, 100 ma/cum, 100 usec/cm. (¢) 10 v/cm,
100 ma/cm, 100 usec/cm, A 68 ohm resistor was connected in
series and no damage resulted.
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alodes. In most cases there was a gradual reversal of slope prior to second
breskdown. The traasition to second breakdown was usually, but not always,
abrupt. In one case the s8lope change end second breakdown drop in voltage
vas so gradusl that the waveform wus more like that of a forward biased
Junction. In another case degradation of the reverse characteristic was
noted even though no second breakdown transition was observed. In four cases
second breakdown was not sccompanied by observaeble damage, either electrical
or visual, Figure 38(c) shows one such case. Note tnat the drop in voltage
is significantly less than in the other two puotographs, about 30% of the
maximum voltage as oppossd to 60%. In all such evente the pulse width was
relatively long., A 68 ohm resistor was connected in series with the diode
in 3 of the U cases in order to obtain finer adjustment of the pulse ampli-
tude.

In spite of the diversity in behavior the threshold power points
of all diodes formed e smooth curve over nearly the whole range. Only at
short pulse widths was there significant scatter of the date points.

Forward bias waveforms were similar to those of Device A. 1In

general, there wag a gradual transition to second breakdown. A drop in volt-
age did not necessarily signel the advent of permanent dumage, Some of the
vaveforms are given in Fig. 39. Note in particular tht waveforms in part
(b). Only the third, highest umplitude pulse produred permanent demage.
The waveform in (c¢) shows & small but noticeabls drop after the large change
in voltage. In a later part this will be shown to be related to damege pro-
gressing from the junction through the materiel on the low resistivisy side
to the contact.

Power versus pulse duration curves are drawn in Fig. 40. The

[
<
[




A )}Qu‘xf’.w;, N o 3’;}4{; {}‘ﬁ"“% AR s S oA "\ R s s —ch v g oy - ol
T R R R i R o i R e N A e i e T e P s ‘m,“?;"v’:‘”}‘,..‘:;\

a2

B

cxhShosns
2R

GRS

)

ey
s

SN ] 5" T ey YT
RN N R R AT

(a)

Lo ookt

e

Yy £ 0 &

Y

s

3
o

PRy

(b)

(c)

Fig., 39. Forward bias waveforms for the diode of Part B.
(a) 20 v/cem, 2 Afcm, 200 nsec/cm. (b) 10 v/em, 1 A/em,
500 nsec/cm. (c¢) 5 v/em, 500 ma/em, 2 vsec/em.
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special featurés‘éf“tﬁbééhf&es arx» made apparent 1 comparing <ith Fig. 27.
The most obvicus diffe??nﬁe.ia the lerge incrss e in threshold power. This
is due to the much larger size, Ancther di“cerence i; in the-more yradusl
transition from the t’iigaymptote to the t° asympfote. This again is o
function of the slze. Another interesiing feature is that <he threshold
powsr is proportional to device avea at short pulse widths fcr both forward
and reverse biaged junotions, vhile a% long pulse times the power is pro-
portional to linesny dimensions.

This cen be explained as follows. At short pulse widths the diode
current is high. About half the power is dissipated at the juaction and the
regt in the base region between the active portion of the emitter Junction
and the base contact (this region has a resistance of about 35 ohms). At
large pulse widths op the othexr hand, nearly all of the power is dissipated
in the thin depletion layer of the Junction. This contrasts with the 808
diodes of Sunshine where nearly sll of the excess voltage svove the -breskdown
voltage eppeared across the space charge resistance of taue Junction.

Visusl damage was apparent in most canes, with the exceptions
alrendy noted. Damage usually occurred in the base roveion but not in the
emitter region. Damage often occurred to the bace metallization and occa-
sionally the aluminum stripe over %“he juncliion was affected. On rere
occesions 2 snort appeared between the strlpe and one of the diode terminals.

Two demsged junct’ons exe shuwn in Fig., Ul. Part (a) shows typical
damage Trom & reversa biaz test., Damage sxtends from the base contact to
the 28za of the aluwinum stripe. When the aluminum {8 removed in such cases
the track can be seen tc extend vo the junction. In part (b) the stripe has

meltad. The base metailization also shouws dawage. There is no damage in the
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emitter region. The pulse waveforms for this perticular diode are those
ghown in Fig. 38 part (b). The pulse width up to second breakdown is 520
usec and the average pulse power is 8.l watts. After second breakdown has
occurred the diode dissipates about 6.7 watts for 380 usec. It is difficult
to ascertain exactly when the aluminum melted. Clearly the damagé must hgve
occurred after filament formation. However, it cannot bte ruled out thet
melting may have occurred after the pulse terminated. Unfortunately, tae
one-dimsusional heat flow calculations of Section II provide little insight
for events with such long pulses,

To sums.yize the results of the diode data for Device B, we csn
state that the differences in behavior from Device A can be attributed to the
difference in size. Anomalous behavior of a few devices was obsgzrved.

b) Part B -~ Emitter-Base Junctions

The emitter~base Jurctions were stressed only in the reverse
direction and only at room temperature., Differences in junction character-
istics, breakdown waveforms, and damage can be correlated with the differ-
ences in geometry of the transistors. As would be expected, there is a close
relationship between the second breakdown characteristics of the emitter-hase
Junctions and the diodes previously discussed.

Current~voltage waveforms fell into distinct categories, some
occwrring more commonly than others. The most usual waveform showed &
glight rise in wvoltage t0 a broad maximum, a slight decrease, and ther an
abrupt drop to & low eustsining level, 1In one variation the transition was
first to an intermediate level for a short period. T..s happen¢d only on
rare occasions and always at short pulse widths, Degradation of the Jjunction

characteristic did not alweys occur ip such cases. In a second variation a
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smell d¥op in voltage (zbout 2 volts) took placez after the main trenasition.
This happered only with longer pulses,

Waveforms are shown in Fig., 42. Parts {a) through (d) of the fig-
ure are devices on the same chip. Part (a) is the dinde. Part (b) is the
"normal" tr¥ansistor, pins 1-13., It differs from the diode waveforms only in
having a lower voltage. The differences at the leading edge are due to the
pulse generator snd cen be ignored. Part (c) of the figure is the waveform
of transistor l-3, the "wide~emitter" transistor. The voltage and current
are slightly reluced because the pulse generator output was reduced. The
tine delay before second breakdown is correspondingly increased, but othar-
wise the waveforms are the same as (b). Part (d) of the figure is the "wide-
base" transistor, pins 1.5, This is an evample of the varistion with the
transition to an intermediate level. The junction was damaged in this case.
One is tempted to postulate that the first transitlon corresponds to a fila-
ment forming in the base reglion, followed by elongation to the juncetion. The
evidence is too sparse to confirm this contention, however. TFurthermore,
Budenstein et al., fourd this scquence of events occurring only with long
pulses in their dindes,

Figure 42 (e) and (f) show breakdown waveforms with longer pulses.
The waveforus in (e) are be. :en pins 1 and 3, while those *n (f) are between
pins 1 sand . Note the smmll drop in voltage after second bBreakdown has
oceurred in (f). This is an illustration of the second variation in waveform.
Examinetion under a microscope revealed a stress mark extending all the way
from the base contact to the emitter contact of whe .ransistor in (f), but
only from the base ccaimet to the junction in (2). The curve tracer showed

emitter-bese damage ir botn transiators and collsctor-emitter degradstlion of
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Fig. 42. PFmitter-base pulse waveforms for Part B, reverse bias.
(a) 20 v/cm, 500 ma/cm, 10C nsec/ecm. (b) 10 v/em, 500 ma/cm,
100 nsec/em. (c) 10 v/cm, 500 ma/em, 100 nsec/cm,
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Fig. 42 (cont.). (d) 20 v/em, 500 ma/cm, 100 nsec/cm.
(e) 10 v/em, 200 ma/cm, 1 usec/em. (f) 20 v/em, 200 ma/cm,
1 usec/cm.
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the trensistor in (f). HNormally, second breakdown involves damsge to the

o

-,

If the duration in second breakdown is

A%

A

Junction and the base rogion only.
Jong enough, damage extends all the way through the emitter to the emitter
Neerly always when this

2ol e s
3

window, accompanied by a further drop in voltsge.
veriation was observed the distinction in visible and electrical demage could

be made.

The waveforms show scome correlation with the spacing from Juietion

to emitter contact on each of the transistors. The sracing wns largest be-

R .-
A AN T

tween pins 1 and 3, and this transistor consictently showed the largest sus-

taining voltage after second breskdcwm. It was higher by at least 2 volts.

This fransistor was also the least likely to show a second transition after

gecond breskdovmn. The explanation is straightforward., Once second breakdown

bhas occurred and a melt column bridges the base region, the emitter materisl

o R e

serves at a ballast registor. The greater the spacing between the Junction

242
&

and the emitter conbuet, the greater the resistance and the greater the sus-~

taining voltage., If the distance is short end the pulse length is long the

filament is likely to broidge the emitter ragion, cuausing the three observed

b Y Bt 2

effects: & drop in voliage, a stress mark toidging the contacts, and changes

)
3

B

in the collector-emitter breskdown charscteristic.

ey

The effects of .acreased base width are evident pricr to second

.
3

2

breakdown as an increase in voltage required to induce second breakdown with

i
ARSI

e glven pulse width. Figure 42 again illustrates this when pert (d) is com~
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The current is nearly the same, but the volt-
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pared vith either (¢) or (b).
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e age in (d) is about 50% greater. %
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widths from junction to contect. We would therefore expect -a higher yvoltage
before seccud breakdown end & higher sustaining voltage after ascond break-
down. Both these conclusions are subetantiated in Fig. 42(a).

In Fig. 43 the threshold power versus pulse duration curvee are
plotted,  The upper curve is for the wide-base transistor and makes clesr the
grenter power requirements, especielly at short pulse widths. Data polnts
for the other two Lransistors are plotted separately but there is no clear
effect due to the differences in emitter width and only cne curve is drawm.
Bota curves are substantially lower than those of the diode, Fig. 40, where
the base width was considerably greater. Recell also that the Junction to
base countact width had a pronownced effect on threshold power for Part A
(Fig. 27).

A photomicrograph of & typlcal emitter~base zep is shown in Fig.
4{a). Junction damage is clearly seen, with the track extending through the
bage to the buse contact. This type of damsge was observed in ebout 75% of
the cases. The breskdown waveform for this Junction is that shown in Fig.
ke(e). Part (b) of Fig. 4 shows the damage produced by the pulse of Fig.
42(£). Damage extends all the w#ay from contact to contact.

It is c¢lear thet tre emlttar~base pulsing has ylelded a richer
variety of resulis than the diode tests. In the first place the important
role of the base material in increesing the power handling capability has
been corroborated. The effect of the emltter material has also been noted.
Apparently the crly appreciable modification is on post-breakdown behavior,
where a higher sustaining woltage results. More importantly, ircreased
emitter width has the depirable effect of dzoresasing the trapsistor’'s suse

coptivility to eaitter to bvase shorts during second braskdown.
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in Fig. 42(f).
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Unfortunstely, the changes in transistor beta caused by emitter-
base second breakdown were nct investigated in this study. One is led to
speculate that the effects would be minimal since the Junction forward
characteristics are not affected and because the damage occurs at the sur-
face. Others have found major changes in petaj30»3! however, the tests were
performed on discrete devices. Power levels were higher and damage tended
to be mrre mascive,

There is little change in the collector-emitter breakdown
characteristics of elther polarity as long as damage is confined to the
emitter junction and the base region. If the damage bridges the emitter~
base ccntacts noticeable changes are introduced especially in the inverted
direction with the colliector negatively biased with respect to the base.

¢) Part B - Collectcr-Base Junctions

Collector-base junctions were tested on 14 parts, 10 in the reverse
bias direction, 2 in the forward direction, and 2 in the reverse bias
direction at liquid nitrogen temperature. Good, consistent data were obtaineq
as far as pulse waveformn and threshold power were concerned. Device damage
showed some variability. As in previous tests the occurrence of second
breakdown resulted in degradation of device characteristics in nearly every
instance. Unlike previous tests the base contact to junction distance had
only a barely digcernable effect on threshold energies.

The three transistors on euch chip had virtually identical wave-
forms for the same pulse conditions. Representative waveforms are shown in
Fig. 45. (a), (b), and (c) are reverse bias pulses. Fcr pulee durations
greater 1vhan 1 usec the terminal voltage remains at a high level for a

fraction of a usec, then drops to a slightly lower level as the device

il13




P R T

(b)

Fig. 45, Waveforms for collector-base junctions, Part B.
(a) 20 v/em, 500 ma/cm, 200 nsec/cm. (b) 20 v/em, 200 ma/cm,

1 usec/em. (¢) 10 v/em, 100 ma/cm, 100 usec/cm.
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Fig. 45 (cont.). (d) Forward bias mode, 5 v/cm, 500 ma/cm,
200 usec/cm. Permanent damage occurs at the small drop

in voltage.
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begins to oscillate. Whether or not oscillation takes place, the transistor
is dameged only when ihere is a pronounced drop in voltage to about the 50%
level,

With short forward biased pul .3 the voltage waveform was much like
that of earlier forward biased junctions. The voltage increased to & broad
maximum and then began to decrease, Transigtors had to be checked on a curve
tracer after each pulse to ascertain when damage occurred. Figure L5 (d)
shows a forward *'as pulse for a long pulse width. The waveform is different
frcm previous cases. The broad maximum is still present, but the second
breakdown transition is unususlly small. It must be lebelled as second
hreaskdown, however, since damage occurred in all transistors tested at long
pulse widths if and.only if the transition wes present.

Visible damage fell into two categories. Illustrations appear in
Fig. 46, Part (a) shows the damage produced by the pulse in Fig. 45 (b).

For pulse widths less than 10 usec the damage was of this type and looked

like the damsge seen in a forward or reverse biased emitter~base jJjunction.
Figure 46 (b) shows the other type of damage commonly seen with long pulses.

A corner of the base metallizetion shows clear evidence of heating. The
corner of the emitter metel.lization also shows signs of reaching high tempera-
tures. When this type of damsge occurred subsequent pulses increased the
amount of damage but no siress merks of the type in (a) appeared.

Electrical damsye followed from second breakdown in all but 4 cases,
All of these were for long pulse widths and 3 had a 68 chm resistor connected
in series with the device, Damage consisted of chenges in the reverse bias
breskdown characteristice of the emitter junction, the collector junction, or

from collector to emitter, either polarity. There was a correletion between
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elsctrical and visual damage, When the stress mark appeared at the surface,
es in Fig. U6 (a), the emitter junction was elvays degraded and sometimes the
abllectof;enitter breakdown in the inverte’ direction was changed. Sur-
prisingly enough the collector-base junction characteristics were often un-
hanged. Whenever the damage occurred only to fhe base metallization the
collector junctipn showed deterioration as wel). as the collector-emitter
breakdown in the normal direction. Ofter visible damage cf either type was
accompanied by damage to all junctionms,

The evidence indicates the presence of two coexisting current
carr.ving paths. One is from the collector contact down to the buried leyer,
along the buried subcollector, back up through the epi layer, across the
avalanching collector junction, and to the base contact., The other path is
along the surface Srom the collector contact to the reverse biased collector
Junction, through the base region, into the emitter, across the reverse
biased emitter junction, and through the base region to the base contact.

At any given terminal voltage, each path will conduct different amounts of
current, The heat produced along each path will depend on the current density
and the electric field along each portiour of the path. However, the paths
are close enough to each other that the thermal responses cverlap. (The
diffusion length ror heat flow for a 1 usec pulse is about 10 um, the depth
of the buried layer.) Apparently there is a considerable amount of heat pro-
duced near the base contact due to current flow along each patn, Whether a
filameat forms first at the collector junction just beneath the base contact
or at the surface near the emitter junction depends on the temperatwre dis-
tribution. This, in turn, depends on the current division between the two

paths for a particular applied voltage. At high pulse voltages apparently
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the conditions for filament formation are reached first between tﬁe base
contact and the emitter. Wherever the.breakdown occurs, the two junctions
are clpse enough near the base contact that when one is damaged the melted
region is very likely to damage the other also.

Brown, Holder, and Ruwe30 describe an anomelous mode of failure in
discrete tr stors in terms of a surfaceavalanche which they refer to as
"Holder avalanche," They also observed emitter junction damage, both elec-
trical and visible, when pulsing between collector and base. Their explana-
tion is along the lines of that given here even though the geometry of a
discrete transistor is somewhut different.

The threshold damage curve is plotted in Fig. 47. The curve is
drawn for the data points corresponding to the "normal" and "wide-emitter"
transistor geometries, which appear to have no distinct differences. A
separate curve is not drawn for the "wide-base" geometry but the data points
are seen to lie slightly above the previous curve over the entire range.
This agein points to the existence of a path that carries a portion of the
current parallel to the surface at the base contact; otherwise, the increased
spacing would have no effect.

The curve shows nearly a t"l asxmptote at short pulses, This ime
plies heat generation cver a fairly large volume - despite the large drop at
the junction -~ such that the heat conducted away is only a small portion of
the total heat produced.

The power level at 1 msec is the same as the emitter-base ‘unctions,
Fig. 43. At ¥ usec the power is greater by a factor of about 2. A rather
surprising result is found when the data of Fig., 47 is compared to that of

the diode, Fig. 40. The results almost coincide for reverse, forward, and

low temperature cases,
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di Part B - Collector-emitter Results

Collector-emitter Pulsing would be expected to be more compicx bo-
cause of the interacting Junctions, and indeed this proved to be the case.

At first glance we woﬁld expect greater power handling capability because of
the greater area between the emitter and collector conﬁﬁcts. Again this
proved to be true. Pulse waveforms were more complicated than in previous
test devices, There were two distinct voltage drops, botin of which could
produce contact damage but only one of which was associated vith electrical
damage. This will be explained in greater detail later on, with a breakdown
model postulated to explain the results.,

Aother distinctive feature was the common occurrence of demage to
metallizetion runs far from the Junction. This is a consequence of the high
currents encountered during breakdown.

Seven parts were tested. Some underwent the normal procedure while
others were used in mulbtiple or repetitive pulse testing in a closed~circuit
TV system. All transistors were stressed with the collector positive with
respect to the emitter and at room temperature only.

In the initial tests a significwat drop in voltage was noted after
& certain delay time which depended on pulse amplitude., This was interpreted
as second treakdown. Figure 48 showe several waveforms. At low pulse ampli-
tudes (parts {a) and (b) of the figure} the voltage change is significant and
well defined. At high pulse amplitudes (parts (c) an” (4) of the figure)
although the voltage drop is the same in amplitude it is & much smaller
percentage of the total voltage. Also a.preceding, much smaller step in
voltage can be seen.

This response was consistently observed in every transistor. It
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Fig., 48, Collector-emitter lreckdown waveforms for
transistors of Device B. (a) 10 v/em, 200 ma/cm,
10 psec/cm. (b) 10 v/em, 500 me/cm, 1 usec/cm.
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never resulted in electrical damage ~ all terminal pairs showed the same
characteristics before and after such pulses., Because of this the transis-
tor could be pulsed repeatedly into "second breakdown" cver a wide range of
pulse conditions and still yield exactly the same waveforms. No differences
could be detected among the three types of transistors elther in threshold
energies or in waveforms. \

The origin of the voltage discortinuity must be thermal in origin
because the delay time depends on pulse amplitude. In the range from 3 usec
to 4 msec the threshold p.wer versus delay time plot was a smooth curve
slightly higher than the collector-base threshold curve, Figure 47, at long
pulse widths but greater by a factor of 2-1/2 at short pulse widths. Below
1 usec the curve seemed to level off in a constant power dependence. This
is not certain, however, since the transition is poorly defined at low pulse
widths and only a few data points were taken, If true, it would point to
another mechanisu becoming dominant such as current induced second breakdown.

Although electrical damage was not observed with this type of
"second breakdown" contact damage was produced. The damsge consisted of
darkening of the emitter metallization over a sizeable portion of the con-
tact, in contrast to the usual damage where the aluminum melted at & specific
site. To determine the relationship between contact darkening and the change
in voltage a video camera was mounted over a microscope and connected to a
video tape recorder and TV monitor. Pulses were applied singly or at a low
prf (about 10 pps) for tens of seconds at a time.

The conclusions were that the voltage drop was not absolutely
necessary for contact damage but that damage was induced at a distinctly

accelerated rate when the voltage change was present. When the pulse
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duration was lese than the delay tiﬁ@;%éémg&déﬁage ?aé*éii&é@t:if@er & suf-
ficient number of pulsgsnh§d~be§n’g?p}iqdw vﬂhggﬂthg“pnggg“éﬁfgpibn was long
enough to include the tfansitioﬁ a.single pulge vas suifiéiggﬁvté produce
ncticeable danage. ‘ ‘

Figure 49(a) shows emitter contact damage to a transistor after
two pulses, "Second-breakdown" occurred only during the second pulse. Un-
fortunately, the device was not opened for examination until ‘after the
second pulse so the extent of contact damage after thg'riréf,bﬁlse, if any, -
is not known. Notice that there is no distinet evidence of melting and that
dumage appears over a fairly large region. Figure 49(b) shows the appearance
ot another contact after 5-10 minutes of low prf pulsing at sub~breakdown
pulse widths. Although the contact is heavily damaged, there is still no
change in junction breakdown characteristics at this point. Degradation did
not occur until further pulsing eventually caused the darkened metal to spreed
out and reach the emitter-base junction.

Because of the lack of Junction degradation even after many excur=
sions into what appeared to be second breakdown, and because the transition
at high pulse amplitudes was not pronounced, it was decided to pulse the
transistors at increasingly higher levels until permanent Junction demage
did occur., As the pulse energy was increased, either by increasing the pulse
width or the pulse amplitude, & new breakdown phase came into existence,
heralded by a further -2duction in voltage. A single pulas incorporating
this new feature was sufficient to produce dramatic effects. These included
permanent device degradation as well as visible, often massive, contect

damage.

Examples of pulse waveforms under these conditions are shown in
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Figure 50. The fifgt phots is for very long puise lengths, The initial
voltage peak and tﬁo transitions are completed in‘dbout 750 usec. The
residual voltage ié.oﬁly about 5 volts and ﬁis'seﬁcral minor fluctuations.
The s#sond photograph in the figure’is at intermediate pulse lengths. Here
the details are much clearer. The voltaée initially rises from device
heating to a maximum, then declines by 5 volts in the first transition.
The voltage continues to decline slowly at this intermediate stage until
final breakdown tekes place at about 19 usec. This final drop is compara-
tively gradual and occurs in two stages. The residual voltage is again
about 5 velts.

The last waveform in the figure is representative of short pulses.
The voltage overshoots at the beginning, then rises again due to heating.
The first break occurs about 300 nsec after the beginning of the pulse. This
ic followed by a gradual decline until final breakdown takes place about
800 nsec from the start of the pulse. Just before the pulse terminates, the
voltage rises sharply - this is associated with melting of the metalliza-
tion rua.

Several damaged transistcrs can be seen in the photomicrographs of
Figure 51. The first photo shows a feilure induced by a short pulse. Alumi-
num at the corner of the contact has melted and the stress mark extends into
the emitter region, This is the only visible damage. There is no evidence
of damage to the emitter junction, the collector junction, or the collector
contact. A curve tracer did show junction damage, however.

The second photomicrograph is the same transistor shown in Fig.
49(a). Several more pulses have been applied, the last one sufficient to

induce the second vcltage transition.
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, 500 ma/em, 1 msec/cm.
(¢) 20 v/em, 1 A/cm,

N
-

(a) 5 v/en
(b) 10 v/em, 500 ma/cm, 5 psec/cm.

200 nsec/cm.

Collector~cmitter breakdown waveforms showing
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Figure S1(c) shows demage from a 15 usec pulse terminated Just after
the final voltage drop. A corner of the metal contact has melted and the
track eviends all the way to the collector. Of special interest 1s the
meltec metallization stripe. Melting occurs only where the oxide is thickest
and probably wes initiated at an oxide step. On this particular device the
aluninum thickness is 8,000 X.

The last transistor in the figure has the alumimum completely
melted and opened. The damage was produced by the pulse of Fig. 50(c).
Damage can be seen at the collector and emitter contants and in the emitter
region. Again, there is no sign of damage to the Junctions in the picture.

The threshold power curve for collector-emitter tests is plotted in
Fig. 52, The average power at each point was computed graphically from the
voltage and current waveforms. There was no dependence on transistor geometwy.
In some events the device failed too early inm the pulse to make an accurate
estimate of the delay time. In such cases the power was computed from the
preceding photograph and the point entered as "not failed" in the figure.

The threshold power is greater for the collector-emitter made than any other,
exceeding collector-base pulsing by 50% at 1 msec and by 400% at 1 usec.

In interpreting che results of collector-emitter pulsing the
vertinent questions are: what is the significance of each of the two volt~
age drops, and how does each relate to device demage? The first transition,
elthough thermal in nature, does not result in & microscopic melt; if it did
tnere would be permanent damage. It is always reproducible., Contact damage
does result after such a transition, so it iandicates that a locelized, high

temperature site has formed. The mere fact that the voltage is discontinuous
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implies & change in the conduction mechanism.

The hypothesis is that the voltage drop signals the formation of a
current constriction at the collector junction near the corner of the emitter
contact and the formation of a broad filament extending from the counstriction
to the collector contact. The local temperature rises, but not to the
eutectic point of the silicon-aluminum interface. This configuration appears
to be stable for short periods of time if the total power dissipation is
less than 15 watts. At levels less than this the voltage remains constant or
rises almest imperceptibly for periods ranging up to 200 ysec, When_the pover
level is greater than 15 watts the voltage continues to fall slowly. After a
delay period the process reaches the second phase.

The final transitvion introduces permanent damage. This means
localized nelting hes occurred., The proposition is that the filament grows
from the collector junction through the base region, across the forward
biased emitter Junction and to the emitter contact. Then a melt forms.

The: extent of the damage would depend primarily on how long the
pulse lasted after breakdown occurred and on the power levels. 1In every case
the damage at the emitter contact was apparent. Occasgionally, localized
damage appeared at both collector and emitter without a stress mark in between
(as in Fig. 51(d)). This is an indication that a filament extended rrom con~
tact to contact. If the oxide and eluminum had been removed on these devices
it seems highly likely that a continuous damage streak would be found.

This model can only be regarded as speculative since no etching or
cross-sectioning of these devices was done to determine the location and
extent of the resolidified melt. Nor is there any way to determine the

sequence of steps as in the SOS diode experiments. It does fit the observed
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facts for this transistor, however, and is a reasonable extension of second
breakdown in simple Junctions. Budenstein, Pontius, and Smith have shown
that broad filaments can exist and remain stable without melting under cer-
tain situations. In the results of the next device to be presented there is
evidence that transitions similar vo the final voltage drop are associated
with damage in the emitter region. Thus, although the model cannot be re-
garded as conclusive, there is good evidence to support it.

Another theory that has been proposed is that the final, destructive
phase is due to the melting of aluminum at the contact which then alloys into
the silicon to form a melting, conducting channel. This does not appear to
be the case here. There is evidence that the voltage transition must de
essentially complete before permanent damage is encountered. If melting
aluminum initiated the final phase, some form of damage would appear even if

the transition was not complete.

3. Part C

This circuit is a standard DTL NAND gate, Photomicrographs of the
circuit appear in Fig. 53. The chip is 32 mils square and is glassivated,
The input diodes, in the upper right and left corners of the picture are the
only components which caen be individually tested. Part (b) shows details of
one input group. Each division is 2.5 um.

The 4 diodes are rormed by eritter diffusions into two separate
base regions. Tr» two p«regions are connected by an overlapping n+ diffus-
ion, and an aluminum anode stripe makes contact to the n+ region and the
p-type regions on either side. A diagram of this construction and the pin
connections are given in Fig. 5b.

Three different diode configurations were tested, all at room
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Fig. 54, Pin connections for the input diocdes
and details of the construction,
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temperature and all in either the reverse bias or the back-to-back node. The
standard configuration is simply an ordinary diode connection between pin 8
or 9 and pin 7. The second combinatiorn is two diodes on opposite sides of
the anode stripe connected back-to-back (pins 1 and 3). For the third com-
bination two diodes in the same p-region (pins 2 and 3) were pulsed back-
tc-back.

The diode che~icteristics are shown in Flg. 55. Part (a) is the
characteristic between p:.ns 9 and 7. In the forward direction the diode
shows signs of reaching high level injection when the current is only 15 ma.
In the reverse direction a discontinuity is seen as a result of the inter-
action between the emitter and collector Junctions of the transistor formed
by the n+ diffusion, the p difrusion, and the n-type is- ted region. 1In
other words the reverse characteristic shows the collector-emitter breakdown
of the transistor operating in the inverted mode.

Part (b) is a back~to-back diode characteristic. Part (c) shows a
portion of the revevse broskdown characteristic on an expanded scale to show
the difference in voltage drops across different pairs of diodes. The
characteristic with the smaliest voltage drop is for two diodes in the same
p-region, while the other trace belongs to two diodes on opposite sides of
the center contact. The increased voltage drop had little efrect on thresh-
old vower except ac short pulse lengths.

Representative ser ad breakdown waveforms are shown in Fig. 56.
The pulse in the first photcgraph was applied between pins 1 and 2. Weveforms
for this connection were typically of this form -~ & relatively small, slow
voltage drop often in two steps, with a large residual voltage. Visible

damage was not often appe-ent in this mode of pulsing. When damage could be
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Fig. 55. Diode characteristics. (a) Pins 9 and 7. Forward;
0.5 v/em, 5 ma/em. Reverse; 2 v/em, 5 ma/cm. (b) Pins 9 and 8.
2 v/em, 5 ma/em. (c) C.5 v/em, 5 ma/em. Left-hand characteris-
tic, pins 2-3. Right-hend characteristic, pins 1-3,
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seen it appeareg‘é£ thegcéntact«anﬁ‘wag iogalizé&, ;ihe:éxéss leyer and
aluminum were removed on one part., When axbésh efch vas ‘spplied the zap mark
could be easily discerned extending downward and into the. emitter material.
The exact extent of the melt column could not be determined. However, there
was never any indication,of damage extending laterallyhinto the p-region
except on one part whi;h failed from repetitive pulsing.

Microsecond-length pulses applied to any of the three diode con-
figurations resulted in breakdown waveforms very much like the one in part

(a) of the figure. Any visible Gumage was always confined to the n' emitter

regior in such cases,

Longer pulses,applied to pins 1 and 2 produced the same type of
waveform and the same type of .damege. Longer pulses applied to the other two
diode configurations produced different results. The waveform in part (b),
Fig. 56 is typically seen between pins 8 and 7. The first transition does
aot produce permanent damage. The second transition does. Furthermore,
whenever both transitions appear the zep mark extends past the emitter
Junction, through the p~regicn, and to the aluminum contact. In other words
whenever a pulse produces permanent damage & zap mark can always be found in
the emitter material. Whenever demage is found in the base region, both
transitions are present in the pulse waveform. It appears then that the
first transition in part (b) of the figure is caused by filament formation
in the p-region. The second voltage drop comes about when the filament
extends through the emitter region to the emitter contact and a melt forms.
Thus the breakdown and damage process is similar to that of the transistors
of Part B.

The third photograph in Figure 56 is the waveform between pins 2
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and 3. The'émitter regions are lined up ehd to end in this configuration

and- the power iévels are lowest. Again the double transition is associated ,
with damage to:both the n' and the p-region while a single transition is " :{i/g
;ssociated with damage in only the emitter region. It appears possible that : :
the order of events could be reversed in part (c), but there is no way of ; : f
determining this from the deta which was taken. L |

R

Figure 57 sﬁﬁﬁé'the threshold damage curvgg‘fgr this circuit. Due-

to the swall size the power levels are low, and the t° asymptote is reached
in about 100 usec. The lqwest cur#e is for pulses applied between pins 2 and
3. In the other configurations the emitter diffusions are broads%de to each f
other and the power levels are 50% greater. This points out that the power R
required to damage a circuit depends on the length of the active portion of
the emitter Junction and not on the area of the emitter diffusion.

The figure also shows that the threshold power is the same for con-
nections 1-2 and 8-7 for t greater than 10 usec. One would expect at least
a small difference. No matter whether the current path between 1 and 2 is
along the surface or vie a buried subcollector there are extra parasitic
losses as the characteristics of Fig. 55(c) show. The voltage change is only :
about 4% at low current levels and if it is about the same for low power
pulses, it would we difficult to see in the normal 10-15% scatter of the data
points. At high pulse power levels the increase in parasitic losses is
readily spparent. The damage curve rapidly approaches a t=! variation,
indicating power dissipation throughout a broed region.

In most cases damage to the devices - both electrical and visible -l

was s8light. Elcctrical damage often consisted only of small changes in the ;

knes of the breakdown curve. lLong pulses caused greaster damage but not so

1k
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much as to give the arpearance of a low resistance short across the junction.
Zap marks were similar in appearance to those of other base~emitter jJunctions
except that damage always existed in the emitter region and sometimes only in
+the emitter region. There was rarely any damage to the metallization. One
reason was the small amount of heat~sinking by the glass layer (about 15 um
thick). A more important reason was the small size of the devices and the
lower tctel power levels involved.

The upshot of all this is to peint out the differences in second
breakdown between simple p~n junctiors, integrated circuit transistors, and
three-region structures such as tliose discussed here. In all cases, a con-
stricticn forms at the reverse biased junction. wWith the exception of
Part C under high power pulses, constriction is followed by filament
formation in the high resistivity material, 1In g simple p-n Junction the
next stage is melt formation and permanent damage. In other devices the
filament grows all the way to the emitter contact before damage occurs., At
high power levels in the Part C structures the filament forms only in the
emitter region before failure occurs.

This model cannot be regarded as coneclusive, but there is good
correlation among the various devices tested in spite of the differences in

size and construction.

b, Part D
Part D is e dielectrically isolated dual DTL expandable NAND gate.
4 dicdes with e common anode terminal are fabricated on each side of the
chip. A photomicrograph of two of the input diodes is shown in Fig. 58.
The diodes are fabricated in pairs in four separate isolated n-

regions. All diodes have the same d.:ensions but each pair has a different
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Fig. 58. Part D input diodes. The chip utilizes dielectric
isolation. Each division is 6.25 um.
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arrangement within the n-region. qup‘@;ode is ‘formed from a p-type diffusim
with an n' diffusion serving as the cathode. A sepa;gte;n+ diffusion over-
laps part of the p diffusion and the a-region. Aluminum deposi%ed on top of
this serves as the anode contact. The base sheet resistance is 110 ohms per
square and the breakdown wvoltage 1s 7.2 volts. Once again it is really the
breakdown of an n+-pan structure operated in he inverse mode. A discontinu-
ity in the breaxdown characteristic occurs at 10 ma.

Second breskdown waveforms are shown in Fig. 59. They are dis-
tinetive because of the relatively small voltage drop during second break-
down. For pulse widths less than 1 usec the diodes were checked on a curve
tracer after each pulse to determine whether or not damsge had occurred.

For pulse widths greeter than 100 usec the wvoltage waveform usually showed a
gsecond small dfscontinuity such as appears in part (¢) of the figure.

In a few instances the second breakdown transition was not accom-
panied by electrical or visual damage. Whenever this occurred a succeeding
pulse of higher amplitude caused breakdown at a level comparable to that of
an undamaged Junction.

Visible damage was either not apparent or sppeared as a small mark
in the emitter region. Strangely enough the mark sometimes appeared at the
edge of the diode rather than in the region tetween the contacts. No damage
was ever seen to the metallization during single pulse testing. Two diodes
were stressed in the repetitive pulse mode while being monitored with the
closed circuit TV system. These were the only dlodes where well defined
stress narks could be seen extending from contact to contact and where
damage was seen to the contacts themselves.,

The second breakdown power versus delay time curve is plotted in
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Figure 60. Note the well defined t~! dependence for t less than 1 usec.

There is little scatter over the whole range. In spite of the fact that these

diodes are the smallest tested thus far the power levels are not the lowest.

5. Part E
This cireuit is a dual 4 input diode expander fabricated on a

dielectrically isolated and glassivated chip., The diodes are emitter-base

S T N

diodes, arranged in groups of 4, two each in a separate p-type regicn. An

aluminum metallization run makes contact to two adjacent p-regions and also iiifké
connecte the n-type rsgion. A layout of a diode group is given in Fig. 61. o
The p~diffusion is about 2.6 um deep and the n-type tub is about 13 um deep,
The diodes have a reverse breakdown voltage of 7.2 volts and show the *.i'
familier discontinuity due to n*-p«n action.

About 30 diodes were tested, all in the reverse direction and all o %
et room temperat The only configuration whick wes tesied was between the
emitter diffusions and the common aluminum contact.

Several typical breakdown waveforms are given in Fig. 62, These
are quite similar to the waveforms of previous circuits. The voltage drop
is comparatively small in every case. The third photograph shows three
successively higher pulses. The third pulse ceuses breaxdown and shows the
small post~breakdown drop in voltage commonly seen in previous devices,

In all but three cases the second breskdown transition produced

permanent changes in the diode characteristics. A systematic investigation
to determine the nature of the damage was not undertaken, but on two nack-
ages whick were opened the damage was much like that cf diodes tested
earlier. Such damege as could be seen was minor, consisting of only a small

mark in the emitter region and no contact damage.
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Fig. 61. One of the input diode groups on Part E, The T-shaped
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edode for the four diodes, making contact to both p-regions and
the n-type isolation region.
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The threshold damage versus pulse width curve appesrs in Fig. 63.
The power approaches & constant value for t greater than 100 psec as expected
for a small device. At the other extreme, for t of the order of 100 nsec,
the expected asymptote is not yet reached. This is probably due to normal

variations in threchold power and is not necessarily significant in itself.

6. Part F

The firal circuit tested was a dielectrically igolated quad core
driver. There were four large interdigitated transistors on each chip. All
terminals were individually connected, making it possible to perform tests on
all three configurations. Each transistor measured roughtly 20 mils by 40
nmils. The manufacturer's specifications are as follows, with the measured

values in parentheses:

BV g 40 volts (43)
BVang 80 volts (120)
BV5mo 6 volts (7)

hep 50 (90)
By 800 mW at 25°C

The data obtained during this portion of the experimental phase is
somewhat meager for several reasons., Only T perts were available. The large
size of the transistors indicated st the outset that sufficient pulse power
~as Jrobably not available at short pulse widths. This was found to be true
although some devices failed at pulse widths less than 1 usec. Even more
important, the threshold power was erratic {rom one transistor to another,
Vhen a failure point wus determined for one transistor, others pulsed under

the same conditions would fail prematurely resuiting in little useable data.

Finelly, vhen a failure was induced, it was nearly impossible to locate the
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site of damage in the vast expanse of emitter and base fingers.

Contrary to earlier testing procedure the method used here was to
select a pulse amplitude and then increase the pulse width until damage
cceurred. Sixteen transistors were pulsed to failure in this manner in the
collector-base mode. Eight others were pulsed collector~emitter and four
enitter-base.

Breakdown waveforms appear in Fig. 64, The first picture shows
collector-base breakdown consistently observed for i-ses longer than 10
usec. The voltage rises slowly and the current drops correspondingly with a
"time constant” of roughly 40 usec. Second treskdown manifests itself in a
sharp drop to & low voltage., Damage slways followed this transition.

Three transistors on one chip failed in less than 200 nsec. All
three waveforms showed a voltage drop from 130 volts to 50 volts, then a
further drop to 20 volts.

Collector-emitter pulsing yielded a variety of waveforms. At
short pulse widths second breakdowm was not apparent from the waveforms and
the transistors had to be checked after each pulse. At intermediate pulse
widths breskdown sometimes occurred in two separate, distinct steps of equal
magnitude, This is reminescent of collector-emitter breakdown in the
transistors of Part B.

At long pulse widths the waveforms had a different appearance.
An example appears in part (b) of Fig. 64. Two different pulses are shown.
The voltage in each case rises to a peak, decreases slowly, then drops
abruptly. More important, both pulses were applied to the same transistor.
This means that damage was not detected on the curve tracer after the first

pulse., In the collector-emitter connection it was often possible to pulse
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(a)

(b)

(c)

64. Breakdown waveforms for core driver transistors.

ig.
) Collector-base breakdown, 50 v/em, 200 ma/cm, 10 usec/cm.
)
)

F
(a
(b) Collector-emitter. 20 v/em, 200 ma/cm, 20 usec/cm.
(c) Emitter-base. 5 v/em, 2 A/em, 1 usec/cm.
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the transistor more than once into second breakdown before degradation was
apparent. Conceivably, a small damage site might go undetected because of
the large size and current carrying capability. This is not likely though
because the threshold on subsequent pulseslwaé in accord with an undamaged
Junetion.

Part (¢) of Fig. 6U4 is the waveform of emitter-base breakdown. All
four transistors on one die ghowed the same type of waveform for a totsl
pulse width in the range from 4 to 80 usec. Damage was observed in each case
Tollowing the appearance of this unusual waveform.

Threshold power points are plotted in Fig. 65. The data points
are 80 dispersed as to make it impossible to draw meaningful curves. Power
levels are lowest for the collector-emitter points, contrary to the transis-
tor results of device B. The only conclusion which can be drawn from the
figure 1s that large area components have e wide variation in breakdowm

thresholds.
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SECTION V

DISCUSSION

Since current constriction, filamentation, and second breskdown
occur at temperatures where either the material becomes intrinsic or the
thermally generated currents quench tie avalanche breakdown, the temperature
rise of the silicon is of major importance in determining the outcome of a
particular experiment. If the power distribution is known then the tempera-
ture rise throughout the chip can be celculated by techniques such as those
described in Section II. Unfortunately, a change in temperature causes a
redistribution of the dissipated power and an exact analysis becomes very
complex.

In a reverse biased diode the greatest power density occurs at
the depletion layer. Some of the pertinent questions relating to this por=-
tion of the total power are: how wide is the depletion layer; hos is the
voltage related to doping levels and junction curvature; how does the volt-
age change with temperature; and how is the voltage affected by high current
densities?

For emitter Junctions most of these questions can be readily
answered. The high doping levels result in a low breakdown voltage, typlca-
11y between 6 and T volts. Calculations not inecluded in this report indicate
that the depletion layer in such cases is very narrow -~ of the order of
0.1 um. This thickness is much smaller than the redius of curvature of a
typical emitter diffusion; hence, the breakdown voltage is not limited by
Junction curvature. Avalanche breskdown usually occurs at the surface
because of the heavier bage doping at the surface. This localization of

breakdowvn is further enhanced by lateral IR drops in the base region which
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produce an effect like current crowding. The upshot of all this is that the
current flows scross the junction at the edge of the emitter closést to the
base contact.

Temperature variations of the breakdown voltage should be nearly
zaro in emitter-base Junctions, unlike high voltage Junctions where the
change 'in ionization coefficients produces a positive temperature coefficient.
Consequently, temperature changes would be expected tv have little effect in
themselves on the bower dissipsted at the junction. This was not found to
be entirely true as will be explained belov.

Changes in Jjunction voltage and depletion layer width can occur at
high current densities when the carrier densities in the space charge layer
become comparable to the densities of donors and acceptors. The space charge
resistance which arises under these circuustances can be either positive or
negative, depending on the impurity distribution. For an abrupt Juncfion the
space charge resistance is positive, but for a p-i-n diode it is negative.

The remainder of the applied power is dissipated in the diode bulk
resistance, contact resistance, lead wire resistance, ete. If the geometry
and doping levels are known, the parasitic resistance can be readily
estimated.

When the above considerutions are directed toward an analysis of
the diodes of Device A it becomes apparent that the greatest power density
does indeed occur at the Junction but that the largest portion of the total
power 1: dissipated in the parasitic base resistance., The series resistance
calculated from the sheet resistivity is sbout 25 ohms. Voltage and current

were read from the leading edge of pulse waveforms for voltages ranging up

to 30 volts and current up to 1 amp. For diodes with a 10 um base region
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these points fall on a straight line with an incremental resistance between
25—and 30 ohms. Furthermore, the resistance depends on the junction to base
contact distence. For a diode with a base width of 14 um the incremental
resistance is between 35 and 40 ohms, decreasing tc 15-20 ohms for & 5 um

base width,
At low current deasities the change in breakdown voltage between

TT°K and U73%K is 2 volts. This is scmewhat larger than expected based on
Tyagl's measurements.32 At e diode current of 500 ma the difference in
terminal voltage increases to 4 volts. If we attribute 2 volts to the
change in breakdown voltuge the additional 2 volts would have to be assigned
to changes in mobility in the base region, a value which is not unrealistic
at the high base doping levels.

The space charge resistance appears to be negligible in these
diodes. First of all the voltage-current plot is a straight line over the
entire current range. Secondly, the junction is & linear graded type with
‘e electric field a perabolic function of distance, This situation is
somewhere between that of an abrupt Junction and & p-i-n Junction; hence,

8 value close to zero is not unrealistic. Finally, the current density at
1 amp is an order of unagnitude too low to affect the space charge at the

surface of the base region. The high doping level in effect pins the edge
of the depletion layer and prevents it from expanding into the base region.

In summary, it appears that the diode resistance in the avalanche
breakdown region is accounted for mostly by *he series base resistance. The
"thermsl resistance" is much smeller and is divided equally between changes
in ionization coefficients and changes in mobility. Space charge resistance
can be neglected.

We are now in a posicion to describe quantitatively the power
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density throughout the diode., Consider a reverse blas>d diode at room
temperature carrying 500 ma. About 12 volts appears across the base region,
6.5 volts across the depletion layer roughly 0.1 um wide, and about 0.5 volts
across the emitter material. If the power is dissipated in a 2 um layer the
power densities in the emitter, depletion layer, and base regions are

3 x 107%, 3 x 10~!, and 6 x 10~3 watts/um3, respectively.

The current, power, and teipsrature distribution are illustrated in
Figure 66. As the temperature rises the power distribution changes.somewhat
due to the thermal resistance. The changes also depend on the pulse gen-
erator characteristics. Eventually the tempersture reaches a critical point
where a constriction occurs either at the Junction or in the base material.
At a still later time second breakdown occurs (at about 600 nsec at these
power levels).

Estimates of the junction temperature when constriction occurs are
difficult to make for diodes in the reverse bias mode. Temperatures hased
on solutions to the linear heat equation are subject te the limitations
pointed out in Section IX., The solutions by numerical techniques in that
section are inapplicable because they are based on one-dimensional problems.
It is clear from Figure 66 that two and prefersbly three dimensionsl models
are required.

Junction temperatures were estimated from extrapolated steady state
threshold power versus ambient temperature curves. The results showed that
second breakdown does not occur until a temperature of about 1100°C is
resched. This is unexpectedly high, but other evidence presented later also
attests to such high temperatures.

When these same diodes are forward biased a completely different
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3x10~4
Current, power, and temperature distribution in Part A

cglculated for a current of 500 ma.

for the reverse bias case.

Fig. 66.
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situation héi&éL Ih'%héwfiégt place the voltage scross the junction can be
ignored. Secondly, conduction is not restricted solely to the active edge

of the junction tut includes much more junction area. Thir@ly, the inecremen-
tal diode resistance st currents greater than a few hundred milliamps is

only about 4.5 ohms, indicating a high degree of conductivity modulation by
injected crrriers. All of this means a relatively uniform&distribution of
power over a fairly broad area of the diode, ahd that the computer solu@ions
in Section II are valid over short time intervals where lateral heat flow can
be ignored.

Figure 29 shows that second breekdown occurs in 100 nsec at s
pulse power of 180 watts in the forward bias condition. If the forward bias
curve is replotted to indicate threshold power for constriction formation
(assumed to occur when the pulse voltage reaches its maximum value) the power
level is 150 watts at 100 nsec. Taking the power dissipating region as ex~
tending over most of the emitter and base regions between centerlines of
the contacts, and assuming & 2 um depth the power density is 3.8 x 10° watts/
eml-ym. Figure 17 shows that the temperature rises to sbout 1300°C when the
constriction foims.

The threshold curve for constriction formation should coincide
with one of the curves in Figures 1T7-19 at short pulse lengths. The best fit
occurred with the 1200°C curve in Figure 18 for t up to 2 usec. The confi-
dence in such curve fitting is limited by the small amount of data for the
forward biassed direction, but the result reinforces the contention that the
peek temperatures are very high at the onset of current constriction.

The temperature rise in the diodes cf Part B, the specisl test

device, can be estimeted by the same techniques. In the reverse bias mode
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the temperature reaches about 1000°C before a constriction forms. In the
forwerd: bias direction the critical temperature is about 1100°C,

The power densitydistribution in the transistors and othér three
layer structures is complicated by the interaction between Junctions, and the
multiple conduction paths. Since the distribution is non-uniform the tempera-
ture rise cannot‘be'determined from the curves of Section II. A tabulation
of threshold power and por . per unit ares allows for some interesting com-
rarisons and is presented in Table III.

The numbers in the Device column give the pin connections for
different configurations or different geometries. The areas are cqlcula@ed
in most cases from the distance between contact centerlines and a distance
slightly greater than the length of the active edge of the junction. Some
question can be rightfully raised about the significance of the area calcu~
lated in this manner., The length of the active periphery is more important
in some cases. On the other hand base width has been shown to be an important
factor as has Junction depth. When two Junctions interact the concept of an
active perimeter diminishes in importance. For these reasons the device
area was chosen as the normalizing factor even though it can be misleading in
some cases, Threshcld pover was taken directly from the experimental curves,
ext-apolated to steady~state conditions and to 0.l usec where necessary.

| With due regard for the vagaries introduced by the device area it
is still possible to discern trends in the figures of Table III. In the
first place the largest devices tend to have the lowest power/area ratio even
though the total power may be greater. This is expected in a steady-state
situation because the thermal spreading resistance is a nonlinear function of

area. However, even at 0.1 usec the disparity has not diminished. It is
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aifficuit to see why this should depend on device area, hence can cnly be

attributed to differences in device "hardness."

7% > other conclusion derived from Table III is that glassivated

-k

end dizlectrically isolated devices have higher threshold power/aresa.
Vhether this virtue is a generic property of these two technologies cannot be

firmiy ~steblished on tae basis of thesc limited results. The uniformity and

e e s

consistency of the data in this regard are too strong to be ignored, but argu- _ ;
ments presented below suggest that the cause is due to construction features
and pot to advantages inherent in eny one technology.

The juestion remsin:z, why 1s there a twenty-fold difference in
power/ures among the circuits lested? Why is one circuit harder than
rnother? The answer is contained in the two general concepts of power dis-
rivvtion and eritical temperature,

Tne more uniform the power density, other things being equal, the
greater the power handling capabil.ty., This is the mein 1eason that e diode
sequires more power in the forward direction to reach second breakdown., In
the reverse direction the high power dencity at the Junction produces a local
peuk in the temperature distribution (Figure 66). If the peak were iroued out
it word. take longer to reach the critical {iempersture.

This is also the reason that a low voltage junction is harder than
a high voltage Junction. Note the low threshold power per unit area for
collector-base junctions. Again, the power density is much greater in the
gerletion layer of the high roltage junation. For a given device areea any
modif;. cation which smcoths out the power distribution will lead to greater
power handlin, cupabi.ity. Practices which increase the parasit.c resis-

tance, decrease breakdown voltazes, increuse sctive periphery, increase
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Junction depths, incresse contact areas, etc., will all lead to incressed

threshold power.

The second important concept is that of a critical temperature.
The device which has the Higheet eritical temperature, other things being
equal, will have the highest threshold power. Any fabrication technique
wvhich increases the critical temperature will increase the threshold power.

In this category zhould also te included heat sinking improvements wunich

restrain the rise in temperature.

Within this framework how can we explein the relative hardness of

certain circuits? All of the circuits have roughly the same breakdown volt-

ages, sheoct resistivities, Junction depths, etc. The only distinguishing

feature o7 the hard circuits is the possibility of multiple current paths, in

pariicular conduction vie collector materisl or a buried layer as well as

along the surface, The low threshold circuits, Parts A and B, have generally

only a surface conduction path. Device C, C-B junction, has multiple paths.

The low threshold can be explained however by the high breakdown voltage and

hence high power density. The collector-emitter connection can alse conduct

along multiple pathe., Significantly, this connection can be classified as

herd for short pulses, Thus there is a certain correlation between hardness

end current flow along subsurface paths.
What about the effects of heat sinking by glass and oxide layers?

The influ~nce of surface layers of thermsl oxide or deposited gless does not

have a significant effect on the peak temperature. This was demonstrated in

Section II and has been pointed ont eariier.12 The oxide isolation in

dielectricelly 1nolated circuits has been shown to have a negligible effect

on peak temperuature for pulses up to 10 useci?  The presenl results indicate
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an insignificant effect for up to 10 msec. The thermal resistance of the
oxide layer is relatively small because of the large area to thickness ratio;
furthermore, its effect would be to decrease rather than increase the thresh-
old power,

Finally, one should consider the possibility that the critical
temperature of the glassivated and dielectrically isoclated circuits is sig~
nificantly higher for some reason associated with the fabrication process.
The critical temperature of Parts A and B was estimated to be in the range
1000-1200°C. The maximum increase in critical temperature could only be
200-400°C. The threshold curves for Device A, Figure 29, show that this in-
crease only accounts for a threefold increase in power levels, even in a
temperature range where the thermsl conductivity is changing rapidly.

Thus it appears that differences in circuit performarice are due
primarily to differences in compniaent area and differences irn the wniformity

of the power distribution.
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SECTION VI

CONCLUSION

This research program has resulted in s number of interesting
observations which are summerized in this seciion. Some of these are new,
others corroborate findings of other workers. Some are based on firm infor-
mation, others must be regarded as tentative., They are listed here in sum-
mary form without elaboration.

A. Heat Conduction

1. The thermal conductivity of silicon varies so drastically with
temperature thaet the assumption of a constant value leads to large errors in
heat flow calculations unless the temperature range is small,

2. Surface layers of thermal oxide or deposited glass have little heat
sinking capability. Furthermore layers thicker than i um prevent heat sink-
ing by deposited metal films for pulse lengths of 1 usec or less.

3. Plated heat sinks adjacent to heat producing Junctions have little

effect for pulses less than 10 nsec.

B, Second Breakdown in Diodes

1. The second breskdown model of Budenstein et al., applied to the in-
tegrated circuits tested here. In the reverse direction & current constric-

tion forms at the Junction, followed by growth of a current filament into the

high resistivity material. When the filament reaches the base contact second
breakdown occurs. A melted column is produced and permanent damage occurs.

2. In the forward bias direction the filament forms in the high resis-

tivity region and grows to entirely span the region. When this is completed

second breaskdown occurs.
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3. Temperatures above 1000°C are reached before constriction occurs.

i, Variations in threshold power for a given part are caused by_vari-
ations in the series bulk resistance.

5. The threshold level can be changed by simple changes in construction.
If the base and collector regions are shorted together to form the anode
some of the current flows along a subsurface path. The broader distribution

of power produces a harder junction.

C. Second Breakdown in Transistors

1. Emitter~base breskdown is similar to ordinary r-n junction breakdown.

2. In collector-base breakdown a dual path for current flow exists. At
short pulse lengths failure occurs along the surface with degradation of the
emitter-base junction. At long pulse lengths damage occurs beneath the sur-
*ace and the collector base Junction is degraded.

3. The threshold power per unit is smallest for collector~base pulsing
because of the high power densivy at the junction.

I, Collector-emitter breakdown occurs in two stages. The first stage
is nondestructive and takes place when a current constriction elongates from
the collector junction to the collector contact. In the second stage the
filament grows through the base region end to the emitter contact. Perma-
nent damsge then results.

S. The collector-emitter configuration is the hardest, both in terms of

total power and power per unit area.

D. Areas for Further Study

1. A three-dimensional cnalysis of the heat flow problem would be ex-

tremely valuable in analyzing second breakdown phenomenon. The lack of
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definitive temperature distributions in reverse biased diodes was a handi-

cap in this study.

2. Further testing and analysis of transistors and certsin diode struc-~

tures is needed to verity details of the models proposed here,
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APPENDIX

The computer program described here is written in Fortran for use
on a Honeywell 635 time-gharing system. Most of the calculations in Secs

tion II were performed with this program.

As shown here the program solves transient heat flow protlems con-
taining up to 20 nodes of arbitrary sizes consisting of silicon, silicon
dioxide, or sluminum in any order., The initisl temperature can have any
value, but must be uniform. Power c<n be supplied in any region but cannot
be a function of time. The last node is fixed at the ambient temperature.

To use the program the operator divides the device into regions
coutaining any number of nodes but only one kind of material. For each
region the dimension of the region in microns, the number of nodes, the
power density in watts/cm?~um, and the kind of materisl must be specified
(1 for aluminum, 2 for silicon dioxide, 3 fo» eilicon). Also the ambient
temperature, time interval between iteratioas, final time for the problem,
and the number of iterations between printoul must be typed in. The computer
then lists the nodes, their location, the time and the node temperatures.

Statement numbers 150-470 read in sll the input data. Statements
480-640 calculate the size and location of each node. A portion of the
printout is hendled by statements 650-720.

Statements T30-1770 are a tebulation of the thermal conductivity
and specific heat of aluminum, silicon dioxide, and silicon from 0 to 1700°K
at €9 degree intervals. A straight line interpolation is used at inter-

mediate temperatures.

The heat flow equations are set up in statements 1800-2230. New
coefficients are calculated at the beginning of each iteraticn. The
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jﬁi equations are solved in statements 2240-2330. -
’
=3 An example of a problem solution is included. The device is

divided into 11 regibns. The first region is an aluminum layer 1 um thick

containing 1 node. The second region is silicon dioxide, 0.5 um thick, with

1 node. The third region is silicon, 3 um thick, with 3 nodes. The fourth
region represents the depletion layer of a junction and contains the source
of heat. This region is 1 um thick, has 1 node, and has a power density of
6 x 105 watts/cm?-ym, This is equivalent to about 50 watis in & 1 um layer
of a device measuring 70 x 100 um.

Regions 5 through 10 are all silicon with gradually increesing

N . P , e . Coshatl b
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node size to provide a smooth transition to a relatively thick substrate.

For region 1l a group of zeros is typed in to terminate the input data.

N PR AT A S

The ambient temperature is 27°C. The time interval is 10 nsec
with a final time of 2.1 usec,
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1AxwxxxxTHAP ~ TRANSIENT HEAT ANALYSIS PROGRAMe MAXIMUM MUMBER OF

20% k¥ xxxNODES = 20+ NODE | HAS ZERO HIAT TRANSFER OUT OF THE SURFACT.

3% *kxx%xxLAST NODE CONSTRAINED TO AMAIENT TEMPZRATJRZ .

40 DIMENSION SILICONK(35)» SILICONC(35), SIO2K(35)»
504 S102C(35)» ALK(35), ALC(35), X(20), DX(20), Q(20),
6A% TC2G)» NODES(208)» XR(20)» QR(2A)» NR(20)> MR(22),
104 MAT(28)» R(20)s RHOCDD(20), A(203,21),» E(20),

838 F(29)

o3 PRINT 99

108 99 FORMATC 777/ ##444 THAP -~ TRANSIENT
110 HEAT ANALYSIS PROGRAM ##8#4")

120 PRINT 100

139 100 FORMATC 77/ DIMZINSIONSs NODES, HSAT IN

140%PUT» MATERIAL'/)

150%kxxk*TYPE IN DIMENSIONS OF EACH REGION IN MICRONS, NUNMBZR OF
16 0%+ *+x*NODES IN THAT REGION, POWER DENSIY IN WATTS/CM¥2/MICRON,
170 %% xkxxxAND TYPZ OF MATERIAL3 ALUMINUM=1, SILICON DIOXIDE=2:

183 %*kxx¥AND SILICON=3.

190 DO 1922 NI = 1,20

200 PRINT 103, NI

210 103 FORMATC * REGION *I12)

220 READ: XRCIIISNRINII-QRINIIMR(NI)D
230 NIl = NI~}

2406 N = N +. NR(ND

30 IFCXR(NIY) 1025104,102

262 102 COMTINUE
276 104 CONTINUE

280 M=N+ ]
290 L=N-=1
370 PRINT 110

310 112 FORMATC //' AMBIENT TEMPERATURE")
320%kxxk*xTYPE IN AMBISNT TEMPERATURE IN DIGRIES CENTIGRADE
330 R¥AD: TA

340 DO 111 IN = 1,20
3350 111 TCINY = TA
369 PRINT 150

370 154 FORMATC //" TIMEZ INTERVAL")

38A*xxxkxxTYPE IN TIME INTERVALCALSO INITIAL TIME) IN SICONDS»
390k xkkx*xF INAL TIME IN SSCONDS» AND NJUMBIR OF TIME STZIPS BIFORT
430 %xxx%x#3ACH PRINTOUT OCCuURS

419 READ: DT

429 PRINT 151

436 151 FORMATC ** FINAL TIME')

440 READ: FT

450 PRINT 152

40 152 FORMAT( * STEPS BITWEEN PRINTOUT')
470 RZAD: NS

480 xx*xx*CALCULATE GEOMETRIC FACTCRS

499 IB = |

500 IC = NR(1)
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)

500
510
520
532
540
550
%0
570

60
610
620
630
540
60
60
€12
680
690
700
7ne
720

126

ia2s

127
170
171
172

173

IC = NR(1)

DO 125 IA = 1,NII

XX = XRC(IA)Y/NRCIA)D

QR = QR(IA)

MM = MR(IA)

DO 126 I = IBLIC

MAT(I) = MM

DX(1) = XX

QcIY = QQ

NODES(CI) = I

I8 = IC+]

IC = IC+NR(IA+l1)

XC1) = B.5%DX(}1)

DC 127 1 = 2,N

XCI) = XCI-1)+QeS*x(DX(I=1)+DX(1))

PRINT 170

FORNAT(C 7//" SOLUTION ')
PRINT 171, (NODES(I)» I = 1,N)

FORMAT ¢ 7/ NODES " 817/711X 817/12X 411
PRINY 172, (X(I)» I = 1,N)

FORMAT(C '* POSITION "BF7¢2/13X 8F7¢2/14X 4F742)
PRINT 173

FORMATC /" fImMg NODE TEMPLRATURRS™)

730 % k%% x*TABLE O THARMAL PROPERTIES. K IS THTRMAL CONDUCTIVITY
T4Q xAkkkkIN WATTS/ACNM/DEGRIE AND C IS SPECIFIC HTAT IN CALORIES
TO*xkkkk/GRAM/DEGREE

763
179
780
790
802
810
820
830
gaa
850
860
870
880
892
930
910
R0
9313
42
»o
969
970
980
990
180¢
1010

19

i2

ALKC(1) = 50

ALK(2) = B
ALK(3) = 2.9
ALKC4) = 25
ALK(S) = 244
ALK(6) = 2.39
ALKCT) = 2438
ALK(8) = 2.38
ALK(9) = 2438

ALK(10) = 2.38

ALK(11) = 2.38

DO 1 IND = 12,35

ALK(IND) = ALK(IND=1) = 0.03

ALCCI) = Q.
ALC(2) = +04
ALC(3) = .12
ALCC4) = +165
ALC(S5) = +193
ALC(6) = +207
ALCCT7) = 217
ALC(8) = +225
ALC(9) = 233

DO 12 IND = 16,38

ALCCIND) = ALCCIND=1) + 005
SIO2K(1) = Q.
DO 14 IND = 2.6
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i
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%
2
3
3
Lo
9]
(75
7
Ny
&

; «
v*,‘

e O Loy v

1020
1030
1040
1050
1050
1870
1080
1299
1100
1110
1129
1130
1140

157
1169
1170
1180
1193
1200
1210
1220
12360
1240
1250
1260
1270
12809
1290
1300
1310
1320
1330
1340
1350
1360
1370
1380
1398
1403
1410
1420
1437
1440
1450
1460
1470
1480
499
1560
1510
1520

14

15

18

SIO2K(iND) = SIO2KLIND=1) + 00272
DO 15 IND = 7,35
SIO2K{IND) = SIO2KC(IND=~1) + 000582

S102C(1)Y = B
S102C(2) = 034
S102C(3) = 07
S102C¢4) = .097
S$1020¢(5) = 125
S102C(6) = 15
SI102C(7) = 175
SI02C(8Y = 19
S102C(9) = 205

SI02C(1A) = 22

SI02CC11) = +231
SI0RC(12) = «242
SI02C(13) = 25

SI02CC14) = 256
SI0RC(IS) = +262
S102CC16) = «267
SI02CC17) = 271
S102CC18) = +275
S102CC19) = 279
S102C(20) = 282
S102C(21) = 285
SI102C(22) = «288

S$102C(23) =

DO 18 IND = 24,35

SIO2CCIND) = SIC2CCIND-1) + +092
SILICONKCL)Y = Qo

SILICONK(2) = 24.

SILICONKC(3) = 8.8

SILICONKC(4) = 3.9

SILICONK(S) = 2«6

SILICONK(6) = 1.9

SILICONK(7) = 1.5

SILICONK(B) = 1.2

SILICONK(9) = 1.0

SILICONK(1@) = 85
SILICONK(1I1) = +75
SILICONK(12) = «67
SILICONK(13) = «61
SILICONK(14) = «55
SILICONKC1IS) = 50
SILICONK(16) = 45
SILICONK(17) = 42
SILICONK(18) = 38
SILICONK(19) = .35
SILICONK(23) = 33
SILICONK(21) = +31
SILICONK(22) = 30
SILICONK(23) = 29
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1530 SILICONK(24) = «28 %
1540 SILICONK(25) = 28 4
1550 SILICONK(26) = +27 g
156 0 SILICONK(27) = «27 : ke
1570 SILICONK(28) = +27 | %
15 80 SILICONK(29) = +26 i A
1590 SILICONK(30) = +26 i 3
16009 SILICONK(31) = .26 ; i
1510 SILICONK(32) = «26 : 3
1520 SILICONK(33) = +26 ?

1530 SILICONK(34) = +25 ; 3
1640 SILICONK(35) = .25 ( k.
1650 SILICONC(1) = @. 1 é
1660 SILICONC(2) = .235 : &
1570 SILICONC(3) = 079 | b
16 80 SILICONCCY) = #4110 ' %
15 90 SILICONC(S) = +130 ¥
1700 SILICONGC(6) = +155 4
1710 SILICONCC(T) = +175 %
1720 SILICONC(8) = +1RS ko
1736 SILICONC(9) = +195 ~%
1746 SILICONCC1IA) = +204 %
1750 SILICONC(11) = «205 5
1760 DO 21 KK = 12,35 §
1779 21 SILICONCCKK) = SILICONCCKK=1) + +072125 2
1780 TIME = 0. %
1790 1S = FT/DT/NS %
1800 xxxkx*SOLVE HIAT FLOYW EQUAT IONS 3
1813 DO 71 IT = 1,18 ;
1824 DO 76 ITT = 1,N$

1830 %xxxx»CALCULATE THERMAL PROPERTIES AT THE NODE TEMPIRATURES

1840 DO 22 1 = 1N 5
1850 ENTER = C(TC1) + 273¢)/50¢ + 1o g
1860 1l = ENTER H
1879 AA = I P
1880 BB = ENTER - AA E
1890 K = MATCI) i
1900 GO TO(62:61:60)5K §
1918 50 AK = SILICONK(IT)+BB*(SILICONK(II+1)=SILICONKC(I1)) %
1920 RC = SILICONCCII)+BR*(SILICONCCITI+1)=SILICONCC(II)) b
1930 %% %k *xCONVERT SPSCIFIC HIAT FROM CALCRIES/GRAM/DEGRIE TO ?
1940 % %% %% * JOULES /CM3 /DEGRIE 4
1950 RHOC = 4+184%2.328%RC %
1960 GO TO 63 E
1976 61 AKX = SIO2K(II)+BB*(SIO2K(II+1)~S102K(I1)) g
1980 RC = SI02C(IIX+33*(SI02CCII+1)-SI102C(II)) 3
1996 RHOC = 44184%2420%RC 3
2069 GO TO 63 é
2810 62 AK = ALKCII)+BB*CALKC(II+1)-ALKCII)) i§
2020 RC = ALCCII)+BB*CALCC(II+1)~-ALCCII)) Z
2030 RIOC = 4+184%2.737%RC %
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2049 GO TO 63

2250 63 RCI) = DX(C(I)/AK*]+E-4

2850 20 HHOCDD(IY = ] T -4*RHOC*DX(1)/DT
2070 x**x**CALCULATE COEFFICIENTS IN SQUATIONS
204ae DO 3@ I = 1,N

2090 IM = 11

2102 IP = I+1

2110 IFCIMI31+31,32

2120 32 ACI,IM) = 24/(RCIMI+R(ID)

2138 IFCIP-N236536,31

2140 36 ACI,1) = «2/(ROIMITR(IDII=2+/(RCID+R(IP))~
2150% RHOCDD( 1)

2160 31 ACI-M) = «~DXCI)*QCI)=-RHOCDDCII*T(I)
2170 IFCIP-NY34,34,35

2180 34 ACILIP)Y = 2+/(RCII+R(IP)I)

2190 35 CONTINUZ
2200 30 CONTINUE

2210 ACls1) = =2+/CR(1I+R(2))=-RHOCDD(})

2229 L = N-1

2230 ACNIN) = =2¢/(R(LY+R(N))I~RHOCDDC(N)

2240 %% *xx*%SOLVE EQUATIONS USING RICHIMYZR'S ALGORITHM
2250 FCLY = ACLMI/Z7ACLL, 1D

2260 EC1) = =AC1,2)74(1,1)

2279 DO 50 J = 2,N

2280 FCJ) = (ACJaMI=A(CJsd=1)%F(J=1))/

22904& (ACJr JI+AL T J=1 ) *5 (J~1 )

23080 S50 EBCJ) = ~A(JsJ*+1)/(ACJs GI+ACJrJ=1IRE(J~1))
231o T(N=1) = TA¥Z (N=1) + F(N=-1)

2320 DO 51 J = 2,L

2333 S1 TUN=J) = TINeJII*T(N=J+1) + F(N~-J)

2346 TIMZ = TIMZ +DT

235¢ 70 CONTINUE

2360 PRINT 9, TIMT, (TC(JJYs» JJ = 1,N)

2370 9 FORMATC 210¢3s2X BF7¢1/713X BFT«1/714%X 4F7.1)
2380 71 CONTINUE

2394 STOP

2400 END

#4444 THAP - TRANSIENT HEAT ANALYSIS PROGRAM #+#444

DIMENSIONS, NODES, HEAT INPUT»,» MATERIAL
REGION 1
= 1eslsfes]
REGION 2
= 05,150 052
REGION 3
% 3es350¢53
REGION 4
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2 1es126e25,3
REGION 5

= lesdsBes3
RIGION 6

= 4esRsfes3
REGION 7

= Bes2s0¢53
REGION 8

= 166525053
RGION 9

= 3005350053
REGION 10

2 60esdsfesl
REGION 11

= (202050

AMB ITNT TEMPERATURE
=27 ¢

TIMZ INTERVAL

z 103 =9 Astonks)
FINAL TIMS
= 2.3 %6
STEPS BITWEEN PRINTOUY
=350
SOLUTION
NODES 1 2 3 4 s 6
9 10 11 12 13 14
17 18 19 20
POSITION B350 1025 2.80 3.00 400 500

9.5 1250 1650 2250 3050 3950 49450 59450

7208 BT7+20 10200 11760

TIME NODE [rEMPERATURZS
0500 -06 5606 1054 183¢7 1652 2136 24004

106 .2 681 45 o0 310 276 27.1
27.0 270 270 2749

8. 1002 -05 1288 196¢3 296¢7 31249 336¢9 370.2 3100 241.8

179¢2 11945 773 45 «2 31.9 279
270 270 270 270

@.1508 -0@5 214+7 286¢8 393¢6 413-9 4433 483+9 4081

24448 1673 10944 5342 397 303
270 27.9 27.¢ 270

D289k ~05 304e0 37345 48RS SNT2 542-1 5902 498.9 39846

3050 2125 1407 82.1 493 34.3
27.1 27.0 2740 27.0
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